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PREFACE TO THIRD EDITION 


Although the fundamental principles underlying the operation 
of electric locomotives, cars and trains have not changed materi- 
ally since the publication of the second edition of this book in 
1915, the variety and type of their applications to practice 
during the past decade as well as the new statistical data now 
available seem to warrant a completely revised and enlarged 
third edition. 

A new chapter has been added in order to introduce some of 
the economic problems involved in motor-bus transportation, 
although an exhaustive treatise upon the mechanics of bus 
design and operation is considered to be without the scope of 
this book. 

Following the trend of the present period, the chapter on 
“Power Station Location and Design” gives way to that entitled 
“Sources of Electrical Energy,’’ containing in detail one of the 
most recent and complete contracts for electrical energy which 
has ever been negotiated. 

All of the chapters involving applications, engineering prac- 
tices or the results of new research or developments have been 
completely revised, augmented and illustrated with recent 
photographs or drawings. The developments in automatic 
substations and the results of braking tests on interurban 
cars carried on under the direction of Professor D. D. Ewing 
of Purdue University should be listed among the important 
innovations. 

As in the case of the second edition, the very able assistance 
of Professor Ewing is acknowledged, particularly upon the 
chapters having to do with electric locomotives, electrification 
of steam railroads and braking. The assistance of Mr. G. C. 
Sharma, formerly a graduate student at Purdue University 
and now instructor in electrical engineering at Notre Dame 
University, is also gratefully acknowledged. 

Many applications of electric traction are changing rapidly. 
Several important electrifications of steam railroads are taking 
3 vil 
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place, motor-bus design and operation by railroads are being sta- 
bilized, while the use of the mercury-vapor converter and the 
various requirements ‘with regard to automatic train control 
and carrier-current dispatching are being tried out, more or less 
experimentally, pending a permanent solution of the many local 
problems, if not a standardization of methods and systems. In 
their present stage however, they are considered to be too much 
in state of flux to warrant detailed treatment herein. 

It is the intention of the authors to include in subsequent 
editions such applications as they become generally adopted, 
thereby warranting the continued use of the book, both as a 
college text and as an electrical railway instruction and reference 
book. 

, CoF: H: 


LaFayette, Inp. 
December, 1925. 


PREFACE TO SECOND EDITION 


A most gratifying reception of the three impressions of the 
first edition of this text by the large number of technical institu- 
tions in which it has been adopted, and the rapid development 
of electric traction during the last few years, warrant a second 
edition. 

Although but one entirely new chapter, that entitled ‘“Loco- 
motive Train Haulage,’ has been added, practically every 
chapter in the book has been completely revised and further 
illustrated. Tabulated data representing actual operating 
conditions in railway practice have been increased by 50 per 
cent and more than 50 illustrations have been added. 

The author has been very ably assisted in this revision by 
Prof. D. D. Ewing, also of Purdue University, whose experi- 
ence with both steam railroads and electrification projects has 
well fitted him to discuss the problems of heavy electric traction 
which have been especially augmented in this edition. 

This opportunity is also taken to express appreciation of the 
assistance given by Mr. E. A. Bureau, graduate student in 
electrical engineering at Purdue University, whose research re- 
vealed many of the advancements in the profession which have 
been incorporated in this volume. 

It is hoped that the new edition will prove its added worth to 
both the educators and railway executives whom the book has 
been privileged to serve in the past, and that in addition its 
field of usefulness may be broadened by its more thorough treat- 
ment of this rapidly advancing profession. 

Cae Fic 


LaFayette, Inp. 
December, 1915. 
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PREFACE TO FIRST EDITION 


To students in technical universities who wish to specialize 
in the subject of electrical railway engineering and to those who 
understand the fundamental principles of electrical engineering 
and are interested in their application to electric railway practice 
it is hoped that this book may be of value. 

While it is planned primarily for a senior elective course in a 
technical university, it does not involve higher mathematics 
and should therefore be easily understood by the undergraduate 
reader. 

The volume does not purport to present any great amount of 
new material nor principles, but it does gather in convenient form 
present-day theory and practice in all important branches of 
electric railway engineering. 

No apology is deemed necessary for the frequent quotations 
from technical papers and publications in engineering periodicals, 
for it is only from the authorities and specialists in particular 
phases of the profession that the most valuable information can 
be obtained, and it is believed that a thorough and unprejudiced 
summary of the best that has been written upon the various 
aspects of the subject will be most welcome when thus combined 
into a single volume. 

The author wishes to express his appreciation of the assistance 
of Mr. Emrick, instructor in electrical engineering at Purdue 
University, in preparing illustrations for the book and to those 
students who by thesis investigations have added to its value. 


LaFayette, Inp. 
September, 1911.” 
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PART I 


PRINCIPLES OF TRAIN 
OPERATION 


ELECTRIC RAILWAY 
ENGINEERING 
CHAPTER I 
HISTORY OF ELECTRIC TRACTION 


Although itis not the purpose of this treatise to relate facts, 
but rather to study the engineering and economic problems 
encountered in electric traction, yet it seems advisable to review 
briefly the history of the development of the electric railway by 
way of introduction. 

Two distinct epochs were encountered in the brief period in 
which electric traction has come to the front. The first was that 
in which the experimental designs were hardly more than models 
operated with primary batteries. Occasionally during this 
period, however, enthusiasts who did not realize the insuperable 
financial drawbacks of primary-battery operation constructed and 
experimented with cars of considerable size operated in that 
manner. Such was the car constructed by Page in 1851 for the 
Washington & Baltimore R. R., which made use of a 16-hp. 
motor supplied with power from two large Grove cells made 
up of platinum plates 11 in. square. This first epoch was soon 
brought to a close, however, partly by the foresight of the inves- 
tigators, who realized the limitations of the primary battery, 
and partly by the failure of all attempts to commercialize the 
primary-battery car by those who had continued to experiment 
therewith. 

The second epoch opened, after a brief interval of inactivity, 
simultaneously with the development of the reversible dynamo. 
In the development of this machine, progressive experimenters 
could foresee the beginnings of electric traction upon a practical 
basis. ‘Bearing in mind the existence of these two periods, the 
history of electric traction will be considered, greatly abstracted, 


but as nearly as possible in chronological order. 
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Since electric traction has ever been dependent upon the elec- 
tric motor and the latter upon the discovery by Faraday, in 1821, 
that electricity could be made to produce mechanical motion, 
the latter date rather indirectly and vaguely marks the birth of 
the subject under consideration. America has the honor of first 
applying the electric motor to a car, model though it was, while 
later developments vibrated from America to Europe and back to 
America with a rapidity difficult to follow with accuracy. A poor 
blacksmith of Brandon, Vt., by the name of Thomas Davenport, 
has the honor of first making this application of an electric motor 
to a car in 1835, the motor having been constructed by him 
several years previous. During the short period of 6 years it is 
said that Davenport constructed over 100 electric motors of 
various designs. That which was described as having been 
exhibited by him upon a car at Springfield and Boston, Mass., 
consisted of a revolving commutated magnet which was caused to 
attract stationary armatures arranged around the periphery of its 
path of revolution. The car thus equipped was operated upon 
a small circular track. 

About the year 1838 Robert Davidson of Aberdeen, Scotland, 
built a much larger motor placed upon a battery car 16 by 5 ft. 
in dimensions of the gage then standard and operated it with 40 
cells of battery consisting of iron and amalgamated zine plates 
immersed in dilute sulphuric acid. It is of interest to note that, 
after several successful trips over Scotland railways, this car was 
purposely wrecked by steam railway engineers, who were afraid 
it would supersede types in use at that time. 

Two rather fundamental patents were issued in England about 
this time, one in 1840 to Henry Pinkus, involving the use of 
the rails for current conductors, and another in 1855 to Swear, 
which, although applied to telegraphic communication with 
moving trains, comprised the basis of the present current-collect- 
ing trolley. Patents were also granted in 1855 by both France 
and Austria to Major Alexander Bessolo, which covered the same 
fundamental principles but which described more in detail the 
third-rail conductor, the insulated trolley, and even suggested 
central-station supply. 

In this country the experimental work of Prof. Moses G. 
Farmer in 1847 and Thomas Hall in 1850 might be considered 
in particular, because of the use for the first time of the rail as a 
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conductor and the adoption of a geared speed reduction 
between motors and driving axle. The work of Page, previously 
noted, deserves prominent mention at this time. For many 
years after these experiments, investigations in electric trac- 
tion seemed to be dormant, largely due to the general realization 
of the impracticability of the battery as a source of energy. 

The second era of electrical railway development opened about 
1861, when Pacinotti invented the reversible continuous-current 
dynamo. From this invention may be said to have arisen all 
modern generators and motors. While these were gradually 
developed by Gramme and Siemens, Wheatstone and Varley, 
Farmer and Rowland, Hefner-Alteneck, and others—Wheatstone 
and Siemens having almost simultaneously developed self-excit- 
ing generators equipped with shunt and series windings, respec- 
tively—yet a considerable period of time elapsed before these 
developments were effectively applied to traction. 

The work of George F. Green, a poor mechanic of Kalamazoo, 
Mich., has been quoted as the connecting link between the two 
eras. Although he began his experiments as late as 1875, after 
the development of the dynamo, his first model road reverted to 
the battery delivering current to the car over the operating rails. 
Although Green proposed the trolley for his experimenal track, 
he did not make use of it. The subsequent work of this man is 
rather pathetic, in that he constructed a car, about 1878, large 
enough for two people, and realized the advantages of the dynamo 
for supplying energy for same. He did not understand how to 
construct this machine himself, however, and was not financially 
able to procure one of the few being constructed abroad at that 
time. He applied, in 1879, for patents which would probably 
have been of considerable value at that time, but, because of 
limited funds and because he was obliged to act as his own patent 
attorney, his claim was rejected and only finally granted in 1891 
after a belated appeal to the circuit court of the District of 
Columbia. 

The first electric road operating on a practical scale was the 
one exhibited by Siemens and Halske at the Berlin Exposition in 
1879. This consisted of an oval track, about 14 mile in length, 
upon which an electric locomotive was operated with three 
small trailers accommodating from 18 to 20 passengers. The 
motor was mounted with its axle lengthwise of the car and 
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power was transmitted to the car axle through a double-bevel 
gear speed reduction. A speed of about 8 m.p.h. was attained. 
The current was supplied by means of a third rail located between 
the running rails. 

The year 1880 marked the exhibition by Egger, in Vienna, 
of another model electric railway, which used the running rails 
for conductors. In this year, also, the study of a method of 
replacing the pneumatic dispatch system of Paris by miniature 
electrically propelled carriages was carried on. . Siemens pro- 
posed a commercial road for Berlin at this time and endeavored 
to obtain a franchise for it. 

The first electric road to be installed apart from an exposition 
was that at Lichterfelde, near Berlin, which was opened in 1881. 
A single motor car, using cable drive between motors and axles, 
operated upon this road, which was 114 miles in length, at a 
speed of about 30 m.p.h. It was sufficiently large to accommo- 
date 36 passengers. Although this road was a third-rail road 
when installed, it was changed over 12 years later to a double- 
trolley system. This road has remained in continuous operation. 
During this year, also, the horse railroad between Charlotten- 
burg and Spandau was changed to electric traction. 

At the Paris exposition of 1881, Siemens and Halske demon- 
strated the use of the overhead trolley for current distribution 
to cars, the conductors consisting of metal tubes slotted on the 
underside, mounted upon wooden insulators, in which tubes 
metal contactors, electrically connected with the car, were 
allowed to slide. In 1883, a 6-mile third-rail road was opened at 
Portrush, Ireland, which was worthy of note because of its opera- 
tion from a central station driven by water power. 

Turning again to this country, Thomas Edison and Stephen 
D. Field began experimenting about 1880. Edison was principally 
interested in the development of the incandescent and are lamps 
at this time and, aside from building a short road at his labora- 
tory at Menlo Park and taking out a few patents, he did little in 
this line. Field did considerable pioneer work. He had made 
plans in 1879 for a railway to be supplied with power by means of 


a conductor enclosed in a conduit and using the rails as a return ~ 


circuit. In 1880-1881 he constructed and put ings operation 
an experimental electrical locomotive at Stockbridge, Mass. 
Patents were applied for by Field, Siemens, and Edison within 3 


HISTORY OF ELECTRIC TRACTION 7 


months of each other early in 1880. Since Field had filed a 
caveat, however, the year before, his papers were given priority. 
Field’s plans, however, remained on paper until the latter part of 
1880, which was a year later than the installation of the Berlin 
road. 

Little more was accomplished in the United States until 1883, 
when the interests of Edison and Field were united and the 
Electric Railway Company of the United States was organized. 
This company exhibited an electric locomotive at the Chicago 
Railway Exposition in 1883, which operated on a track about 14 
mile long in the gallery of the exposition building. The motor 
operated a central driving shaft by means of bevel gears, this 
shaft being belted to one of the axles. The speed was varied by 
the use of resistances. Reverse motion was accomplished by 
throwing into service an extra set of brushes by means of a lever, 
only one set of brushes, of course, being upon the commutator 
at any one time. 

Charles J. Van Depoele, a Belgian sculptor, who was destined 
to play an important part in the later development of electric 
traction, entered the field in 1882-1883 when he operated a line 
in connection with the industrial exposition at Chicago. After 
installing equipments at the New Orleans exhibition and at 
Montgomery, Ala., and putting roads in operation at Windsor, 
Ont., Detroit, Mich., Appleton, Wis., and South Bend, Ind., the 
company which Van Depoele had formed was absorbed in 1888 
by the Thomson-Houston Company, which had recently been 
organized. The name of Leo Daft is one that cannot be neglected 
in the development of this period, for, after considerable work 
with stationary motors, in 1883 he constructed a locomotive 
capable of hauling a full-sized car. The control in this car was 
brought about by varying the resistance of the motor field, for 
which purpose some of the coils were wound with iron wire in 
place of copper. The company organized by Daft at Greenville, 
N. J., installed roads at Coney Island, N. Y., and the Mechanic’s 
Fair in Boston, and in 1885 equipped the Baltimore Union Pas- 
_senger Ry. Co., with electric locomotives. During this year 
electric traction was applied by this company to the Ninth 
Avenue:lines in New York, but after a few experimental runs of 
the locomotive termed the ‘Benjamin Franklin” the experiment 
was abandoned. 
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In 1884 Bentley and Knight installed a system in Cleveland, 
Ohio, which was probably the first to come into active competi- 


tion with a horse-car line. Two miles of track were operated | 


with an underground conductor in a wooden slotted conduit. 
Motors were connected with car axles through the agency of wire 
cables. 

The railroad installed in Kansas City, Mo., in 1884, by J. C. 
Henry, was noteworthy for its departure from other designs and 
its adoption of features which have since become standard prac- 
tice in electric railroading. Henry claims to have introduced the 
use of the overhead trolley. Whether this be true ornot, the word 
“trolley” was first coined by the employees upon this road 
as a contraction for “‘troller,” the word first applied to the four- 
wheeled carriage which was used on the overhead wire as a 
current collector and connected with the car by means of a flexible 
cable. The use of the trolley rope for replacing the trolley was 
of much more significance than it would at first appear, because 
it was formerly customary to hire a boy to ride on top of the car 
to keep the trolley on the wire. The present system of span con- 
struction and feeder installation was first developed by Henry 
on this road. His overhead conductors consisted of two No. 1 
B. & S. bare copper wires spliced every 60 ft., for this was the 
greatest single length procurable at this time. The rails used 
were those which had been installed 12 years before for horse-car 
service and weighed but 12 lb. per yard. They were at first 
bonded by driving horseshoe nails between the fish plates and 
the rails. The motor was a 5-hp. Van Depoele type connected 
with the axles by means of a clutch and a five-speed differential 
gearing. The generator was a series arc machine of 10 hp., 
developing a voltage up to 1,000 volts. Although Henry was 
able to mount 7 per cent grades without difficulty, the Cleveland 
road was the only other practical road operating in America at 
that time and it was extremely difficult to gain the confidence of 
the public. 

Of the roads that were installed during the next few years, 
the one which gave the greatest impetus to electric traction and 
the one often quoted as the first electric road in the United States 
was that in Richmond, Va., equipped in the year 1888 by Frank 
J . Sprague. At this time Mr. Sprague was already prominent 
in the railway field, although much of his time had been given 
to the development of the stationary motor. In a paper before 
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the Society of Arts of Boston in 1885 he had advocated the 
equipment of the New York Elevated Railway with motors carried 
upon the trucks of the regular cars. In 1886 a series of tests were 
carried on upon the tracks of the 34th Street branch of this road. 
These experiments, like many previous ones, however, were 
finally suspended because of the impossibility of interesting the 
railway management sufficiently to launch out upon a commercial 
installation. 

The motor design and suspension used by Sprague in these 
tests were the forerunners of present construction, and therefore 
worthy of a brief description. The motor frame contained bear- 
ings mounted upon the car axle, thus permitting the former to 
swing slightly about the axle as a center, keeping the gear and pin- 
ion always in mesh on rough track. The other side of the motor 
frame was hung from the truck frame by means of springs. 
Single-reduction gearing was used. Two motors were used on 
each truck, but they were open to the weather. The first designs 
were shunt wound, but later types made use of a series compensat- 
ing winding. Control was obtained by resistance in both arma- 
ture and field circuits. The motors were used for returning energy 
to the line as well as for braking. 

Before considering further the rather important installation 
at Richmond, it is well to take census of electric traction 
development early in 1887. In Europe at this time there were 
but nine installations, including but 20 miles of track, taking into 
consideration every type of electric traction, including that in 
mines. In the United States there were 10 such installations, 
involving 40 miles of track and 50 motor cars. Public prejudice 
had not been overcome and no system of any size had been oper- 
ated commercially. 

The Sprague Electric Railway & Motor Co. contracted for 
installations at St. Joseph, Mo., and Richmond, Va., during the 
year 1887, the latter contract covering a complete new road, 
including generating station, overhead lines, and the equipment 
of 40 motor cars with two 714-hp. motors each. It was placed in 
operation in February, 1888, and many were the new experiences 
and amusing anecdotes connected with this installation. The 
distribution system consisted of an overhead conductor mounted 
over the center of the track with a second parallel conductor on 
~ the pole line supplied with feeders from the power station and 
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extending to various distributing points. The power station was 
equipped with six 40-kw., 500-volt Edison generators driven by 
three 125-hp. engines. Upon each axle of the car was mounted 
an exposed motor in the manner previously described. The single- 
reduction gearing employed at first was later replaced by the 
double-reduction type. The speed control was effected by two 
separate switches, one changing the field connections from series 
to parallel and the other making similar changes in the armature 
circuit. ‘The cars could be operated in either direction from either 
end and the entire weight of the car was available for traction. 
Motors were operated in both directions, at first with laminated 
brushes fixed at an angle and later with radial solid metallic brushes. 
The success of this road at Richmond, in the face of many 
reverses and new engineering problems which had to be overcome, 
was probably largely due to the fact that Mr. Sprague was the 
first man with a competent education to enter the field. With 
this technical training together with his familiarity with the fail- 
ures of other experiments and the development of the stationary 
motor with which he was closely allied, he was able to solve the 
many difficult problems which arose and to place this road on a 
practical operating basis. 

From this date electric traction became firmly seated and its 
future development was rapid, the natural tendency being toward 
heavier equipment. After investigation of the Richmond 
system the West End Ry. of Boston soon adopted electric traction. 
In 1890 the South London road was equipped with electric loco- 
motives and 3 years later the Liverpool overhead electric railway 
was put in operation. Third-rail trains of four motor cars, 
equipped with hand control, hauling three trail cars, were used 
at the Chicago World’s Fair, in 1893, and in 1896 the Nantasket 
branch of the New York & New Haven Ry. was electrified. 
September of the same year saw the Lake Street Elevated of 
Chicago begin electrical operation and 2 months later electric 
service was begun on the Brooklyn Bridge. 

Since it is impossible further to list the new electric roads 
coming into existence Table I will be of value in pointing out the 
remarkable growth of the electric railway in the United: States. 

Figures 1 and 2, reproduced from the Electric Railway Journal, 
indicate recent increases in track mileage and rolling-stock addi- 
tions respectively. 
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The most important changes in motor design that came with 
this progressive movement of the electric railway were the 


. 0 1901 1908 1909 1910 191) 1912 1913 1914 1915 1916 1917 1918 1919 1920 1921 1922 1923 
Fig. 1.—Miles of track built by years since 1907. 
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Fig. 2.—New cars and locomotives ordered by years. 


enclosing of the frame to protect the motor from the weather, the 
replacing ‘of cast iron by steel, the change from two to four poles, 
the use of form-wound coils and carbon brushes, and the return to 
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the old single gear reduction between motor and axle. The 
control system of 1892 made use of the combined resistance and 
series-parallel connection, which is recognized as good practice 
today, while the introduction of the blow-out magnet was a long 
step forward in controller design. 
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The more recent developments in electric traction comprise 
the use of alternating current for transmission to substations, 
the multiple-unit control of the various cars of a train from a 
single master controller, field control of motors, the use of alternat- 
ing-current and commutating-pole, direct-current motors on the 
car, the electrification of steam roads with the more powerful 
electric locomotives, regenerative braking, and the use of high- 
voltage, direct-current systems. These problems are of such a 
broad nature and so important in the study of modern practice 
that they will be taken up more in detail elsewhere. Suffice it to 
say, by way of historical comment, that the rapid introduction 
of interurban railways beginning about 1894, together with the 
advances made in transformer design by Stanley, in polyphase 
transmission by Ferraris and Tesla, and in the synchronous con- 
verter by Bradley and others, brought about the first of the above- 
mentioned changes, i.e., the use of alternating current for 
transmission purposes. Probably the first proposal to use such a 
system with substations was the one made by B. J. Arnold in 
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1896 for an interurban road to run out of Chicago. Although 
this particular line was not built, a similar system was installed 
about 2 years later. The multiple-unit system was developed by 
F. J. Spraque, who proposed its application to the New York 
‘Elevated Ry. in 1896. After several vain endeavors to secure its 
adoption, it was finally installed the following year by the South 
Side Elevated R. R. of Chicago and is now in common use on 
elevated systems and is used to some extent in interurban traction. 

Summarizing briefly, the most prominent names in the develop- 
ment of the electric railway are found to be those of Faraday, 
Davenport, Farmer, Hall, Pacinotti, Siemens, Green, Field, Van 
Depoele, Daft, Bentley, Knight, Henry, and Sprague. While 
gradual developments have been going on more or less irregularly 
since 1835, the practical electric railroad, operating upon a com- 
mercial scale, dates back to about 1888. Vast strides have taken 
place since that date, however, until at the present time electric 
traction is the recognized transportation system in practically 
all cities and towns. It has tied together the larger cities with 
facilities for rapid passenger transit and for the transportation of 
both express and freight. It has opened up the city markets for 
the farmer of the small town, and the country suburbs for the 
residences of the city businessman. It has competed successfully 
with the steam roads on interurban lines; it has found a foothold 
in the city terminals of the former, and is at present being seriously 
considered and in some particular cases has been adopted and 
successfully tried out for trunk-line service. Rightly has it 
been said that its growth is without a parallel in the history of 
American invention and industrial progress. 


CHAPTER II 
TRAFFIC STUDIES (PREDETERMINED) 


One of the first considerations in connection with the planning 
of a new railroad or of an extension to an old system, whether 
it be within the limits of a city or an interurban line, is the study 
of probable traffic. Upon such a study is based the predeter- 
mination of gross income, train schedules, and power-station 
demand. The importance, therefore, of an accurate and detailed 
study of all the factors which may affect the traffic upon a 
given road need not be emphasized further. 

Population.—A study of the railway census will disclose the 
fact that there is a fairly dependable relation between passenger 
traffic and population for both urban and interurban railroads. 
In the latter case, of course, the population under consideration 
must be that of the two terminal cities and, in most cases, a por- 
tion of the intermediate population which may be considered 
as tributary to the line. The determination of this tributary 
population is rather difficult, being largely dependent for its 
accuracy upon the experience and judgment of the engineer. In 
general, however, it is usually taken as the population of a strip 
of territory from 114 to 2 miles in width on either side of the 
proposed railroad and parallel thereto. The population of such 
a strip may be determined by actual canvass, or it may be 
assumed that the township or county through which the road 
extends is evenly populated throughout the rural districts. 
If this be true, the tributary population may be found from the 
following proportion: 

Tributary population ___ Area strip 
Township population Area township’ 


The township population may be obtained from the census 
reports and the required areas scaled from a map of the territory 
in question. 

While it will be found advisable to make an analysis of the 


relation between population and passenger traffic per year, 
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mileage of track economically operated, gross income, etc., for 
the entire country, a table or series of curves covering such data 
obtained from the particular locality in which the proposed road 
is to be operated will be found of more value. The nearer the 
conditions of installation and operation of these roads approach 
those of the proposed road, the more dependable will be the results 
based thereon. 

A table giving data of value in predetermining the traffic and 
gross income for a proposed road is given herewith. 

Whereas such a table offers more opportunity for the correct 
comparison of traffic, etc., for an urban road or for extensions 
to such a system than for the predetermination of interurban 
traffic, yet the methods outlined may be used to advantage in 
interurban developments, provided they are applied with con- 
servative judgment based upon successful interurban experience. 
As an example of such adaptation of data to interurban practice 
it should be noted that a different proportion of terminal popula- 
tion will be tributary to the traffic of the proposed road ineach 
case under consideration. If a road is the first to enter a 
relatively small terminal city, a large portion of the population 
of the city will avail itself of the road, but if the road is the 
fifth or sixth to enter such a city as Indianapolis or Chicago, a 
relatively small portion of the population of the terminal city can 
be counted upon for passenger traffic. It follows directly from 
this, therefore, that with a large terminal city the earnings of the 
road per capita of terminal population will be small and the earn- 
ings of a successful road per mile of track will be relatively large, 
and vice versa. 

Growth in Population.—It is necessary, however, to know 
more than the present terminal and tributary population. The 
growth of both for several years to come must be predicted. 
In order to do this intelligently it is necessary not only to 
know the growth in the past, but to study the causes of 
any eccentricities in the growth curve. It is only after such a 
detailed study that the population curve may be accurately 
extended to determine the population to be expected 40 or 50 
years hence. 

Bion J. Arnold, consulting engineer of Chicago, in his ‘‘Re- 
port on the Chicago Transportation Problem,” points out very 
clearly the fallacy of predicting the population for any consider- 
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able term of years by any rate of growth which has existed in the 
past, if the law of “yearly decrease in the rate of increase” be 
neglected. For example, by referring to the curve of Fig. 3, 
which represents the population of the city of Philadelphia during 
a long term of years, it is seen at once that, had the future popula- 
tion of that city been predicted in 1860 from the rate of increase 
during the previous decade, the result would have been far from 
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Fic. 3.—Population of Philadelphia 1800-1920. 


the fact. As a matter of fact, the rate of increase in the popula- 
tion of Philadelphia dropped in 5 years from 33 to 9.7 per cent 
per annum, and in another 5 years to 2.9 percent. Although this 
marked change in the rate of increase of population is exceptional 
in the case of Philadelphia, Arnold found that in the eight largest 
cities of the world which he studied the average rate of increase in 
population is gradually decreasing. It is obvious, therefore, that, 
even if the average rate of increase in population over a long term 
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of years were applied to the future growth of a city, the results 
would still be too high. As an illustration, the average rate of 
increase in Chicago from 1837 to 1902 was 8.6 per cent per annum, 
from 1892 to 1902 it was 4.9 per cent, and during the year 1902 
it was 7.7 per cent. Beginning with the year 1900 and compound- 
ing the population at 5 per cent, the resulting value for the year 1952 
would be 18,500,000, while an 8 per cent increase, compounded, 
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Fia. 4.—Population of city of London 1860-1920. 


would give this city a population of 26,500,000 in only 35 years. 
With the use of the more correct method, however, which takes 
into consideration the fact that the rate of increase is continually 
on the decline, the population is compounded with a constantly 
decreasing percentage. Such a method applied to the city of 
Chicago and beginning with the 1902 rate of 7 per cent results in 
a predicted population of 13,250,000 for the year 1952. It is 
probable that this will mark the upper limit of the actual popula- 
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tion curve, while the minimum limit of the area within which the 
population will fall in the next 50 years will be determined by a 
similar method of reasoning beginning with an increase rate of 3 
per cent, which represents the average growth of the large Euro- 
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Fig. 5.—Population of city of Paris 1800-1920. 


pean cities. The result of the latter calculation gives Chicago a 
population of 5,250,000 in 1952. 
Reference to Figs. 4, 5 and 6 will give an idea of the changing 
rates of increase in population of the cities of London, Paris, and 
New York respectively. Several decades will be noted in these 
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curves, during which these rates have been abnormal; these rates, 
if used as a basis for the predetermination of future population, 
would lead to very erroneous results. 
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Fie. 6.—Population of city of New York. 


Riding Habit.—The proper determination of the “riding 
habit” for a given community or the number of passengers per 
capita of population per annum is important if the traffic of a 
proposed road is to be correctly predicted. This is always a 
local problem, dependent upon the geographical and industrial 
features of the country or city under consideration, as well as 
upon the customs of the people, the existing or possible forms of 
recreation, etc. In the case of the interurban road little aid 
can be obtained from tabulated results upon other roads, for 
the possibility of comparison with a road where the conditions 
outlined above are the same is very small. For urban roads, 
however, reference may well be made to a curve (Fig. 7) plotted 
between “passengers per capita per annum” and population 
throughout the country. This curve has been shown by one 
author! to rise from approximately 70 passengers per capita per 
annum in cities of 15,000 population to a constant value of 240 

1 See vol. 2. Asus, 8. W., ‘Electric Railways.” 
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in cities of 1,000,000 inhabitants and over, although Arnold’s 
results in Chicago show an increase from 150 to 182 passengers 
per capita per annum from 1891 to 1901. An interesting compari- 
son of the riding habits of several foreign countries with that of 
the United States will be found in Fig. 8.! 
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Competition.—The question of competition with steam roads 
is a vital one with most interurban and suburban railroads, 
whereas most urban systems are practically monopolies. 

If the proposed road is to parallel a steam line, it is usually 
advisable to make a study of the traffic conditions on such an 
existing line, either from authentic records or by actual counting 
of passengers on all trains in the various seasons of the year. 
Such records must be applied with great caution, however, for 
it has been found that a well-equipped interurban line with fre- 
quent and high-speed service not only often takes away much 
local traffic from the parallel steam lines, but, in addition, creates 
a traffic of its own. In other words, if the public can make a trip 
at any time of the day desired, if the cars are clean, free from 
smoke and cinders, and comfortable, and if the time lost en route 
is a minimum, it has been found that many ride who would other- 
wise remain at home. It is difficult to obtain more than a very 

1See Elec. Ry. Jour., Aug. 16, 1921. 


Population of Cities in Millions 


ELECTRIC RAILWAY ENGINEERING 


Population in Millions 


50 200s«CiSSC800S*C«C«SC*«C«éSC*C«O 
Riding Habit- Passengers per Capita per Annum 


Fie. 8.—Comparative study of riding habits. 


oS 

oe 
§ 
So 


) 
Riding Habit (Annual Passengers per Capita) 
Fra. 9.—Riding habit for Delroit. 


TRAFFIC STUDIES (PREDETERMINED) 23 


rough approximation, therefore, of future traffic from steam rail- 
road statistics. 

Bus Competition.—In recent years, however, the new problem 
of competition from motor busses has arisen for both urban and 
interurban railway systems. Comfortable and even luxuriantly 
appointed gasoline-propelled busses are now to be found running 
between many important cities within 60 miles or less of one 
another upon schedules and with rates of fare comparable with 
those available on interurban electric roads. In city service the 
motor-bus competition will be found to range from the so-called 
individually owned jitney service on the street-car lines or paral- 
lel routes to extensive long-distance suburban systems organized 
by relatively large motor-bus corporations. 
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Although the problem of bus competition is large and inter- 
esting, varied in type and method of solution with nearly every 
locality in which it has arisen, the extent of this rapidly growing 
transportation service in the year 1923 may be approximated 
from Table III. Such a list is of only temporary and comparative 
value because of the state of transition which exists at present as 
the result of the elimination on the part of the electric railways of 
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much of this competition, either by Public Service Commission 
or municipal enactments or by purchase and operation of the bus 
systems as feeders to the railways. The problem has been con- 
sidered of sufficient importance, however, to warrant a chapter by 
itself, which will be found in the subsequent pages. 

Gross Income.—After having studied all statistics and local 
conditions which may possibly have a bearing upon the future 
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traffic of a proposed road and having approximated from such 
study, combined with the riding habit of the people, the total 
traffic that may be expected with its hourly, daily, and season- 
wide fluctuations, it will be necessary to determine the gross 
income possible from such a road. This may be done either by 
applying the average fare paid per passenger to the above traffic 
figures, which total may be augmented in some cases by express, 
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freight, and mail receipts; or a comparison may be made with 
other similar roads operating successfully in the same locality and 
under similar conditions. Such a comparison based upon units 
of gross income per capita of terminal or tributary population or 
per mile of track gives very satisfactory results, as will be seen 
from the following example. 

Electric railways from the beginning have handled more or 
less freight, mail, and express, but only within the last few years 
have the managements of electric railways begun to look on such 
traffic as an important source of revenue. Very few electric 
railways can afford the equipment necessary to carry on inter- 
change traffic with steam roads. By reason of the quick service 
they offer, electric railways have found favor with shippers of 
package freight destined for local points. They often cooperate 
with steam roads, serving as gatherers and distributors of carload- 
lot freight, gathering carloads of grain, fruit, sand, stone, etc., 
along their lines and turning them over to steam roads with 
which they make physical connection, and receiving from the 
steam roads carloads of coal, oil, and similar freight for distribu- 
tion. The revenues from freight traffic of the various electric 
railways differ greatly, varying with the different roads from 1 
to 50 per cent of the gross earnings. According to the United 
States Railway Census for 1912, the number of electric cars used 
for hauling. freight, express, mail, and baggage increased from 
1,114 in 1902 to 7,794 in 1912 and the revenues from $1,871,- 
849 to $14,577,203. Only after a very careful study of local 
conditions can an estimate be made of the probable freight 
revenues of a proposed road. This estimate should be checked, 
when possible, by comparison with the actual revenues of other 
electric railways operating under similar conditions. 

In determining the gross income for a proposed 50-mile electric 
interurban line in Texas, connecting cities of 34,000 and 58,000 
inhabitants, comparison was made with two other roads operating 
under similar conditions, with the following results: 

One of these roads, in the same state, connected cities of 15,000 
population each with 16 miles of track, returning a gross income 
in 1905 of $3.48 per capita of terminal population, while the 
second read, 81 miles in length, connecting cities of 26,000 and 
52,000 population, earned a gross income of $8.45 per capita. 
Taking the more conservative value of $3.48 from the former 
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road as a basis, the minimum return from the new road should 
be approximately 92,000 < $3.48, or $321,000, representing an 
earning of $6,420 per mile. This figure compares very favorably 
with the corresponding values of $8,160 and $6,540 per mile for 
the two roads previously referred to. 

In order to determine the net income, it would be possible, of 
course, to approximate the operating expenses, fixed charges, 
etc., in detail, and subtract them from the gross income. A fair 
average ratio of net to gross income is often taken as 45 per cent, 
however. This figure applied to this particular road shows a 
net income of $144,500 annually and therefore a possible operat- 
ing expense of $176,500. 

Number and Capacity of Cars.—The determination of the 
number and, therefore, the necessary carrying capacity of cars is 
sometimes arrived at as follows:! 

A well-conducted road may safely be assumed to earn 35 cts. 
per car-mile. The car mileage per year may, therefore, be 
roughly obtained by dividing the gross income by the factor 0.35. 
The number of car-miles per hour is, of course, readily deduced 
from the above quotient by dividing by the hours of actual car 
operation per year. If, then, the average schedule speed is speci- 
fied by city ordinance or is decided upon by the railway officials, 
the number of cars may readily be determined from the equation 


__Car-miles per hour 
Schedule speed in miles per hour 


Number of cars = 


However, the above result can be more satisfactorily and correctly 
obtained in most cases from train schedules. When the total 
traffic to be expected has been calculated as explained above, the 
headway or schedule speed of cars is usually readily decided upon 
with a view toward carrying this amount of traffic or in order to 
meet successfully the competition of parallel steam roads. The 
graphical train schedule sheet explained in detail in Chap. IV 
may then be plotted, whereupon the number of cars necessary to 
maintain the proposed schedule immediately becomes apparent. 

It would be possible, of course, to determine the seating 
capacity and size of cars to be purchased for a given road from 
the theoretical calculation of the probable number of passengers 
per trip at various times of day and at various seasons of year, 


1See Asue, S. W., “Electric Railways,” vol. 2, p. 16. 
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but such calculations seldom, if ever, become controlling features 
in the purchase of cars for a given road. For interurban roads 
the size and capacity of cars have been very well standardized 
by custom, the increased traffic at times being handled by changes 
in schedule or by the operation of two or more cars together in a 
train on the same schedule. As will be seen in the following 
chapter, however, cars are seldom operated at their exact seating 
capacity, and in spite of the fact that standing in cars on interur- 
ban trips becomes most tedious and oppressive, and granting 
the conclusions discussed more at length in the following pages 
that a considerable percentage of passengers stand in cars by pref- 
erence, yet it is a regrettable fact that the size and the headway 
‘of cars on many roads, especially in urban traffic, are determined 
with but little consideration of the ratio of seating capacity to 
passenger traffic. 

On interurban railways, mail, express, and milk are often 
carried in the baggage compartments of the regular passenger 
cars. Freight is carried in motor cars designed for the purpose 
and in standard freight cars hauled either by locomotives or 
motor cars. No general rule can be given for the calculation of 
the number of freight cars necessary to handle the freight traffic 
of a proposed road, but a careful study of the country traversed 
by the road will furnish data valuable for estimating purposes. 

Freight Transportation.—The development of freight business 
is, without question, an important subject which should be given 
serious consideration by the electric interurban railways at 
this time, both from the standpoint of rendering the maximum 
service to the public and because of the financial benefits to 
be derived. 

Existing operating facilities, including roadway, track, power 
plant, etc., are idle a large part of the time, or are employed to 
the extent of only a fraction of their capacity. Much tonnage 
can be handled at night and during these idle periods and off-peak 
hours, thus making unnecessary any further investment in power 
facilities, and at the same time utilizing this idle equipment in 
revenue-producing service. 

It may be truthfully stated that net earnings of from 15 to 
40 per cent on the freight investment may be expected, depend- 
ing on the location of the line, the class of tonnage available, 
methods and efficiency in handling, and the facilities provided. 
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The most urgent need of the lines today is trail box cars. It is 
believed that in the Central Electric Railway Association 
territory 500 additional cars of this type could be absorbed in 
the service at once. One result of this shortage of rolling stock is 
the tendency to load the present cars beyond their capacity. 
This is not only dangerous, but increases equipment maintenance 
costs, causes a loss in the revenue while cars are out of service 
for repairs, and is a practice which should be strictly regulated. 

Another outstanding and serious disadvantage to the proper 
development of the freight traffic on the interurban railroads is 
the lack of adequate station and terminal facilities, including team 
tracks and sidings. At practically any terminal of its size, 
shipper’s conveyances are delayed, sometimes for several hours, 
in unloading shipments at the platform. These delays, to say 
the least, are costly to the patrons and, as a result, many shippers 
take advantage of the electric line service only to non-competitive 
destinations and often resort to the use of the more expensive 
motor vehicle in order to satisfy their desire of pleasing the cus- 
tomers, when, as a matter of fact, the interests of all concerned 
would be better served by the electric line. 

Another matter worthy of serious consideration is the possi- 
bility of materially reducing train operating costs. The great- 
est items in freight handling are station and train labor. Both 
train labor and power costs could be materially reduced through 
the use of motive power capable of hauling longer trains. 


CHAPTER III 
TRAFFIC STUDIES (EXISTING) 


The necessity of making a careful study of existing traffic upon 
urban, interurban, and even steam railroads for the purpose of 
comparison with the conditions of a proposed line and in order 
intelligently to predetermine the probable income from, and 
therefore the advisability of financing and building, a new line 
has already been set forth. Further than this, those responsible 
for the successful operation of present and future lines must 
continually study the condition and tendencies of traffic. Quot- 
ing from an editorial in the Electric Railway Journal upon this 
point: 


The managers of city railway systems which do not embrace more 
than a half dozen routes usually feel that they know every detail of the 
traffic distribution so well that it is unnecessary to go to the trouble of 
preparing graphic records. The correctness of this point of view, how- 
ever, is not proved by the experience of those who have had occasion to 
prepare traffic curves, even for cities of less than 40,000 population, as 
they have found that such curves will betray the riding peculiarities of 
' the public much more clearly than a mere tabulation. From such a 
record, for example, it is easy to observe whether the passengers take 
kindly to short-trip cars or neglect them in favor of through cars even 
when they do not ride to the end of the line. 

Traffic curves, furthermore, are not only of value to the company in 
making up its schedule, but are also an aid in its relations to the public. 
When a complaint is made about the service on a certain line, it is surely 
convenient to be able to prove graphically that in the course of the day’s 
operation the number of seats furnished far exceed the passengers and 
that the schedules adopted are based strictly upon the amount of traffic 
which the line brings. 


While reports of traffic investigations have been made public 
from time to time, especially as the results of studies by consulting 
engineers in connection with proposed improvements in the rail- 
way system for the purpose of reducing ‘congestion of traffic by 
means of subways, elevated lines, rerouting of cars, introduction 
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of prepayment cars, etc., yet little has been said regarding the 
best method of making such detailed studies with any degree 
of accuracy. In fact, the difficulty in obtaining accurate and 
dependable results has often been given as an excuse for not under- 
taking such a study. It is also true that, where conditions of 
traffic are most variable, and these difficulties, therefore, most 
pronounced, the need of such an investigation is usually greatest 
and, when undertaken, results in the greatest possible improve- 
ment in service. 

It has been found where these traffic studies have been success- 
fully made that it is necessary to obtain data entirely independent 
of the daily returns of employees and that these data should be 
obtained by a crew of technically trained observers who under- 
stand the significance of every reading taken. The average 
car employee, no matter how loyal and conscientious, usually 
not understanding the use to be made of the data collected and 
the relative accuracy with which the various readings should be 
taken, has been found unsatisfactory for this work. 

It is usually advisable to subdivide the city roughly into dis- 
tricts, such as business, manufacturing, residence, etc., and then 
to make a detailed study of the riding habits of the people and 
the loading of the cars on a single route or division at a time. 
It will at once be observed that the day may readily be divided 
into several neriods of peak load, usually four. One city whose 
traffic conditions were investigated by the Wisconsin State Com- 
mission was found to have its four periods of peak load extending 
from 6 to 9 a.m., 11 a.m. to 2 p.m., 5 to8 p.m., and from 10 to 11 
p.m., respectively.t_ The last was, of course, the theatre period 
and was, therefore, limited to a small district of the city. 

In studying the problem further, it is usually found that the 
public at large has a very well-defined habit of travel which 
does not vary greatly from one end of the year to another. 
Pleasure seekers and shoppers, of course, are irregular in their 
movements, but the majority of passengers will soon be found 
to follow not only a definite route in their traveling, but certain 
classes may be depended upon to ride during certain periods of 
the day. The above-mentioned residence districts of the city 
and the passengers as well may, therefore, be still further sub- 
divided as follows: 

1 Harris, R. W., Graduate Thesis, Purdue University, 1910. 
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1. Business or professional. 
2. Clerks and shoppers. 
3. Laborers. 


With such classifications in mind, it is necessary that the 
inspectors ride over the route or division under investigation a 
number of times during all periods of the day and in all kinds 
of weather to note roughly the effects of time of day, weather, 
and all local conditions upon maximum traffic. Especial notice 
should be taken of the stops which are of most importance, ‘.e., 
those at which most passengers leave and board cars. 
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Fig. 11.—Duration of car stop per passenger. 


After such preliminary study the number of inspectors neces- 
sary, the particular stops to be studied, data to be recorded, and 
the number of readings to be taken in the detailed investigation 
may be decided upon. These readings may be taken by inspec- 
tors, provided with stop watches, located at the principal stop- 
ping points; or, if the number of cars is not too great, an inspector 
may be assigned to each caron the route. In general the observa- 
tions to be made at the most important stops are as follows: 


1. Line (route). 

2. Period of day. 
3. Exact time. 

4, Direction of car. 
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5. Number of car. 
6. Total number of people on car. 
7. Number of people standing in front vestibule. 
8. Number of people standing in rear vestibule. 
9. Duration of stop. 
10. Number of people getting off car. 
11. Number of people getting on car. 
12. Class of passengers. 
13. Conditions of vehicular traffic. 
14. Conditions of pedestrian traffic. 


With symbols to represent many of the above conditions upon 
data sheets carefully prepared in advance and with a little 
experience on the part of the inspector, the above data have been 
found to be readily and accurately taken. In fact in the investi- 
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gations above alluded to check observations, taken independently 
but at the same time and place, varied less than 5 per cent. This 
is sufficiently accurate for the determinations desired. A con- 
venient curve resulting from such data is found in Fig. 11. 
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The results of an extensive investigation carried on in this way 
in one of the large cities of the West are typified by the single 
_ example represented by Fig. 12, in which the shaded areas repre- 
sent the various districts served by the particular car line under 
consideration, while the ordinates of the upper curve represent 
the passengers on the car during the period of maximum traffic 
extending from 5 to 8 p.m. The abscisse of both curves repre- 
sent the distance in miles on either side of the center of the 
city, while the full lines and dotted lines of the upper curve 
represent outgoing and incoming cars, respectively. It will be 
readily seen that the traffic at this time of day is largely from the 
city outward, as would be expected. Another point of signifi- 
cance is the fact that outgoing cars from G to A take on the greater 
portion of their passengers between G and E, which is the retail 
business district of the division, and deposit them principally 
between C and A, which is in the mixed residence district. These 
passengers may properly be classed, therefore, as ‘‘clerks and 
shoppers.” On the other hand, the cars running from G 
to K take on their passengers between G and H within the whole- 
sale business and manufacturing districts and deposit them 
between J and K in the third-class residence district. This 
fact results in classifying this traffic as “‘laborers.’’ In a similar 
manner it is possible to determine from curves resulting from 
careful investigation the tendency and the amount of traffic on 
each division at all times of day. 
In order to determine, however, whether or not sufficient cars 
of ample capacity are being supplied, the “comfortable load” 
per car must be decided upon. During such investigations in 
several of the larger cities it has been found that a considerable 
number of the passengers on a car stand by preference. In 
Fig. 13, curves A and A’ show the total and percentage increase 
respectively of passengers standing by preference as the number 
of passengers on the car increases in a city of 25,000 population, 
while curves B and B’ show curves of similar tendency for a 
city of 330,000 in the Middle West. Referring to curve B and 
with the knowledge that the cars operated in this city will seat 
42 passengers, it will be noted that when the car is fully loaded 
eight will, on the average, stand by preference. The comfortable 
load has, therefore, been taken as 50 passengers and the variation 
of the “car-demand” curves of Fig. 12 above and below the 
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“comfortable-load” line indicates at once the quality of service 
being rendered. 

It cannot be reasonably expected by the public that sufficient 
cars shall be furnished to enable everyone to have a seat at all 
times of day, for many of the peak loads come on so suddenly 
and often so unexpectedly that it would be impossible to have 
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the necessary cars at the proper time and place if it were the 
policy of the company to accommodate the peak traffic with seats. 
Most progressive companies, however, endeavor to meet the just 
demands of the riding public and, therefore, should determine 


those demands from time to time by methods similar to those 
outlined above. 


CHAPTER IV 
TRAIN SCHEDULES 


Having studied in the two previous chapters the important 
elements underlying the determination of probable traffic on a 
new railway line or upon the extension of an old system, it 
becomes necessary to establish the train schedule. As has been 
previously inferred, this is often a question of judgment to be 
exercised by the executive head of the road in view of the neces- 
sity of meeting competition. That is to say, the engineer who 
plans the details of the train schedule is instructed to arrange for 
hourly or half hourly interurban service, as the case may be, or 
the headway expressed in minutes or distance between cars in 
feet may be specified in the urban system. In both types of 
system the limiting schedule speed is usually stipulated, often 
by the municipalities involved. The interurban system is usu- 
ally limited to two or more different schedule speeds, the higher 
velocities being confined to operation over private right-of-way 
and the lower within city limits or upon particularly dangerous 
sections of track, such as trestles, drawbridges, and temporary 
construction. 

Whereas the hours of train arrival and departure are usually 
placed in the hands of the public in the form of time tables, 
the most convenient and common form for the study of these 
data by railway engineers is the graphical chart. Many factors 
entering into the proper construction and successful operation of 
a road are at once apparent from such a chart or graphical train 
schedule. This train schedule is often plotted with time of day 
in hours and minutes as ordinates and distances expressed in 
miles as abscissa. It is convenient if the ordinates representing 
the hours be designated by heavy lines on the coordinate paper and 
if the hourly sections be subdivided into sixths or twelfths, rep- 
resenting 10- and 5-min. intervals, respectively. Upon the dis- 
tance scale it is customary to designate the distance between 
stations and the location of any points of especial engineering 
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interest along the line, such as branch lines, railway crossings, 
city and township limits, etc. With the scales of coordinates 
thus determined, a series of slanting lines (Fig. 14) may be drawn 
to represent the progress of the train from station to station. 
The slope of these lines is, of course, dependent upon speed, the 
cotangent of the angle which they make with the horizontal 
representing the schedule speed of the train. A chart made up of 
such straight lines representing each train leaving the terminals 
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Fie. 14.—Interurban train schedule (preliminary). 


of the line in either direction is sufficiently accurate for a rough 
preliminary study of traffic possibilities, power requirements, 
and substation locations, but before exact time tables can be 
adjusted and meeting points determined a very much more 
accurate and detailed graphical train schedule must be drawn. 
Such a schedule, involving three different schedule speeds over the 
various sections of road, as well as the representation of the time 
elapsed in making station stops, is shown in Fig. 15, which is the 
proposed train schedule for a 50.6-mile interurban line now 
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connecting the cities of Galveston and Houston, Tex., within 
whose limits the schedule speed was to be confined to 10 m.p.h. 
It should be noted that speeds of 30 and 55 m.p.h. are adopted 
for portions of the private right-of-way, while 1 min. has been 
allowed for the average station stop. Such a graphical schedule 
enables one to predetermine not only the number of cars neces- 
sary to maintain a given schedule and the position of those cars 
at any moment, but it locates the meeting points, which are 
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Fia. 15.—Interurban train schedule (final). 


designated by the crossing of the schedule lines, and, when used 
in conjunction with the power curves of the various cars, it aids 
in locating substations and in determining the average and 
maximum loads on substations and power station. Comparing 
Figs. 14 and 15 it will be noticed that, while the former has 
the same through schedule speed as the latter and while all con- 
siderations based upon the headway and the time of leaving and 
arrival at terminal cities, taken from Fig. 14, are quite as accurate 
as those taken from the more detailed chart (Fig. 15) yet it 
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is clear that nothing of value can be learned from the former 
regarding the meeting points nor the positions of trains at any 
moment. 

_A convenient way in which to study the possible changes in 
schedule upon a given line is to stick pins into the drafting 
board at points corresponding with the various stations and the 
hours of leaving and arrival at terminals or way stations. A 
number of strings stretched over these pins indicate imme- 
diately the relative speeds and meeting points required to make 
the desired schedule. The ease with which the strings may be 
changed from one minute of time to another, or from station to 
station, immediately commends the method to the busy traffic 
supervisor. 

Although local conditions will prevent any extensive com- 
parison of train schedules of different roads or even the schedules 
of the same road at different seasons of year, yet it is believed 
that the principal factors to be borne in mind in plotting sched- 
ules can best be outlined by a more detailed study of the partic- 
ular schedule of Fig. 15. 

This schedule is one proposed for maximum summer traffic. 
It will be noted that the first trains in the morning leave both 
terminals simultaneously at 6 a.m., and make the run in 1 hr. and 
50.6 X 60 

106< ea 
m.p.h. Further reference to the schedule will show that of this 
total time only 43 min. are spent on the private right-of-way, 
where the maximum speed of 55 m.p.h. is possible. While all 
trains stop at all stations within the city limits, there are a number 
of flag stops between these limits which tend to make the operat- 
ing schedule irregular, but which for convenience in plotting can 
be represented fairly accurately by allowing three flag stops for 
each train between the Southern Pacific Railway crossing and 
that of the T. C. T. Co., at which crossings all trains are required 
to stop. 

The corresponding points of meeting as graphically determined 
fall sufficiently close together to be provided for by the six 
sidings shown at B, C, D, EH, F, G, which are approximately 
1 mile in length. These could be materially shortened by vary- 
ing the running time slightly. The meeting places within the 
city limits are so numerous that a double track extending from 
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6 to 7 miles out of the city terminals would seem advisable from 
this preliminary study. 
The time table below, which was taken from the graphical 
schedule represented by Fig. 15, will be self-explanatory and a 
_ comparison of the table and the chart will illustrate the advan- 
tages of the graphical method, even if the time table were to be 
the only result obtained therefrom. 


TasLteE IV.—Time Taste (PREDETERMINED) 


Stations | North | South 


League City....| 6.50 7.50 8.50 6.50 7.50 8.50 
Dickinson...... 6.54 7.54 8.54 6.45 7.45 8.45 
La Marque....| 7.06 8.06 9.06 6.33 7.38 8.33 
Galveston...... 7.40 8.40 9.40 6.00 7.00 8.00 


Benoa... .-..: 6.357 177235 8.35 | 7.05 | 8.05 | 9.05 


The interurban road whose schedule was predetermined in 
accordance with the charts of Figs. 14 and 15 has now been in 
operation for several years, and its time table of first-class pas- 
senger cars is indicated in Table V. This is of interest in deter- 
mining the accuracy with which such schedules can be predicted 
for a proposed road. 


TaBLeE V.—TiIME TaBLE (OPERATING) 


Stations North South 
Houston....... 6.00 | 6.30 | 7.00 7.45 9.15 | 9.45 
Genoa. asec a. 6.39 | 7.08 | 7.39 7.04 8.34 | 9.05 
Webster....... 6.48 | 7.18 | 7.48 6.55 8.26 | 8.56 
League City...| 6.52 | 7.21 | 7.52 6.52 8.23 | 8.52 
Dickinson..... 6.56 | 7.25 | 7.57 6.47 8.18 | 8.48 
La Marque....| 7.05 | 7.36 | 8.06 6.38 8.09 | 8.39 
Galveston..... 7.40" Sols | 8.45 6.00 7.30 | 8.00 


It has been previously stated that one of the advantages of the 
modern interurban system in competition with steam roads is 
its ability to transport the passenger to more nearly the exact 
point in a terminal city to which he wishes to go and often gives 
him transfer privileges upon the local railway system if necessary. 
When comparing, therefore, the graphical train schedule of the 
interurban line with that of the competing steam road, especially 
with regard to the relatively long time required by the former 
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within the city limits, it is often advisable to add to the steam 
schedule the walking time from terminal station to a point repre- 
senting the average destination of the traveling public, if such 
can be found. Such ‘“‘walking schedule” lines added to the train 
schedule often bring out very striking facts in favor of the electric 
railway as a popular choice of means of transportation. 

The particular schedule taken for illustration is a relatively 
simple one. With the addition of limited and local service and 
possibly freight and mail trains, and, in some cases, the necessity 
of meeting the schedules of trunk or branch lines, the graphical 
chart often becomes rather complicated. The use of a large- 
scale drawing, however, usually permits such a solution to be 
made with little difficulty. In fact, such schedules have been very 
satisfactorily used with the varied types of service outlined above, 
but with the additional requirement that the train be made up 
of a varying number of cars controlled by the multiple-unit sys- 
tem, the various cars being feeders to the trunk line from the 
branches en route and being joined together at the junction sta- 
tions, thus forming the trains to enter the terminal city. The 
trains leaving the terminal city would operate in the reverse 
order, dropping car after car to the various branches and having 
relatively few through cars from terminal to terminal. 

In steam railway electrification studies, graphic time tables are 
of considerable assistance in the analysis of operating conditions 
with existing steam motive power and in the determination of pos- 
sible savings in time, number of trains, and train schedules with 
electric motive power. Graphic time tables for days of average 
and maximum traffic are usually plotted from data obtained from 
the dispatcher’s train sheets. These diagrams show the points 
along the line at which congestion occurs and give a much clearer 
conception of train movements than does a mass of tabulated 
information such as is found in a dispatcher’s train sheet. 
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CHAPTER V 
MOTOR CHARACTERISTICS! 


It will be readily recognized that the ordinary operation of a 
car, whether it be from block to block in the city or for a 5- to 
10-mile run between stations on an interurban private right-of- 
way, may be subdivided into periods of acceleration, constant- 
speed running, coasting retardation, braking retardation, and 
stop. The conditions of particular runs as to length, grades, 
curves, etc. may materially vary or even eliminate some of these 
periods, but if all problems of car operation are to be solved, a 
detailed study of each of these portions of the so-called ‘‘speed- 
time curve’’ must be undertaken. 

The principal factors entering into the determination of such 
a curve will be given detailed consideration in the following order, 
the present chapter dealing only with the first two functions: 


Motor characteristics. 

Gear ratio. 

Weight of car. 

Bearing and rolling friction. 

Air resistance. 

Rotative inertia of wheels and armatures. 
Grades. 

Curves. 

Brake friction. 

Motor Characteristics.—In studying the characteristics of 
motors, in order to determine those best fitted for traction service, 
it may be found convenient to classify all motors into the follow- 
ing types: 

Direct-current: 
Series. 
Shunt. 
Compound: 
Cumulative. 
‘Differential. 
1 See also chap. XXIII and “Standardization Rules,” Trans. A. I. E. E, 
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Alternating-current, polyphase: 
Induction. 
Synchronous. 
Alternating-current, single-phase: 
Series. 
Induction. 
Synchronous. 
Repulsion. 


If the speed characteristics of all these motors be compared, it 
will be found that with varying loads within the rating of the 
motor the synchronous motors, both single and polyphase, main- 
tain constant speed, while all the other direct- and alternating- 
current motors, except the series type, operate at nearly constant 
speed, the speed falling off slightly, usually in accordance with a 
straight-line law, as the load increases. ‘The speed characteristics 
of the compound motor may be made to approximate those of 
either the series or the shunt motors by varying the relative strength 
of the series and shunt fields, respectively. Since with constant- 
potential motors, particularly of the direct-current type, the 
current input to the motor varies approximately with the load, 
the speed-current curves of Fig. 16 may be taken as typical of the 
three classes of motors designed for commercial service. 

The torque of a motor, which is defined as the tangential force 
that the armature is capable of exerting at a radius of 1 ft. from 
the center of the shaft, is proportional to the product of armature 
current and field strength. Since the field strength of a shunt- 
type, constant-potential motor is constant, the torque varies 
directly with the armature current and approximately in propor- 
tion to the load. From the above reasoning, it would be expected 
that the torque of a series motor would vary with the square of 
the current, since the field current and the armature current are 
the same. In the actual design of series motors for railway serv- 
ice, however, the magnetic circuit is nearly at the point of 
saturation, except at very light loads. The torque-current curve, 
therefore, while slightly concave upward at light loads, is nearly a 
straight line for practically all operating current values, since the 
field strength varies but slightly with change of current. In Fig. 
16 a comparison of the torque-current curves of the three types of 
direct-current motors will also be found. 
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A study of the alternating-current motors will reveal the fact 
that all types except the series have approximately the same 
inherent characteristics as the shunt-type, direct-current motor, 
if the starting conditions of some of the former be disregarded. 
The series alternating-current motor, as constructed at present 
for railway and hoisting service, has characteristics very closely 
approximating those of the series direct-current motor. 
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Fig. 16.—Speed and torque curves of representative types of motors. 


In order to determine the best class of motor for traction pur- 
poses, therefore, it is only necessary to apply the characteristics 
of typical shunt and series direct-current motors to the condi- 
tions of railway service. Such characteristics may be found in 
Fig. 17 where A and A’ are the speed and torque curves of a 
series motor while curves B and B’ represent respectively the 
corresponding characteristics of the shunt motor. The motors 
from which these characteristics were taken were designed for 
the common maximum speed of 22.8 m.p.h. with the particular 


gear ratio used. 
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Tractive effort may be defined as the tangential pull in pounds 
exerted at the periphery of the car wheel. 

It should be noted that, whereas the torque curves of Fig. 16 
were plotted with values of the torque, or tangential pull at 1-ft. 
radius, as ordinates, the torque of Fig. 17 is expressed as tractive 


SERIES AND SHUNT 
OTOR CHARACTERISTICS 
FOR RAILWAY SERVICE 
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effort. As it is much more convenient in applying motors 
to railway service to have the pull of the motor expressed in 
terms of tractive effort, the characteristic curves of railway 
motors are universally plotted in this manner. In each case, 
however, the diameter of wheels and the gear ratio involved 
must be stated, for it is evident that the same motor will give 
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quite different values of tractive effort at a given current input 
if the size of wheel or gear ratio be changed. The variation of 
tractive effort of a motor for a given current with change of gear 
ratio or wheel diameter is indicated under Gear Ratio. 

It will be realized at once that a car under most conditions 
found in practice must be able to operate at variable speed. 
Conditions of grades, curves, pedestrian and vehicular traffic, 
necessary stops, etc. demand this. With the geared or direct 
connection between motors and car axles usually adopted, 


Efficiency, per cent 
Miles per Hour 
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Fia. 18.—Characteristic curves of GE-272, 600-voit railway motor. Gear reduc- 
tion, 4.26; wheel diam., 33 ’’. 


therefore, a variable-speed motor seems desirable. Furthermore, 
a much larger torque is required to start and accelerate a car 
than is necessary to maintain the car at fullspeed. As the power 
taken by a motor is roughly proportional to the product of torque 
and speed, if large values of torque cannot be obtained at low 
speeds the power taken by the motor will be excessive. Refer- 
ence to Fig. 17 will show that with the series motor a large torque 
is available at low speeds, the torque and the current both 
falling off as the car accelerates and, therefore, as the demand 
for torque decreases. Assuming a concrete example, if a tractive 
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effort of 1,200 lb. per motor is required to accelerate a car, the 
series motor of Fig. 17 will require but 68 amp. of current while 
the corresponding shunt motor will draw 125 amp. Assuming 
that they are both operating on the same line the power demand 
in the latter case will be nearly double that of the series motor. 

For the above reasons the series, direct-current motor has come 
into almost universal use for traction service. During the last 
few years, however, the single-phase, series motor, with practically 
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Fig. 19.—Characteristic curves of Westinghouse No. 56, 500-volt railway motor. 
Gear reduction, 3.56; wheel diam., 


the same characteristics as the direct-current, series motor, has 
been installed in a number of instances. In many cases in 
Europe and in several instances in this country the polyphase 
induction motor has been adopted where conditions seemed to 
be particularly favorable for constant-speed operation. 
Confining the discussion to series motors, the characteristics 
already considered are the torque and speed curves plotted in 
terms of current input. To these should be added the curves of 
efficiency, often plotted both with and without gears, temperature 
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rise, and, in the case of alternating-current motors, the power 


factor. 


These characteristics (Fig. 20) may be obtained either 


from design data before the motor is built or by test after its 


completion. 
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Assuming that the design of a proposed motor has been tenta- 
tively made and its dimensions and winding data known, the 
speed, torque, and efficiency characteristics may be found as 


follows: 
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impressed voltage. 

counter e.m.f. 

current in amperes. 

torque at a 1-ft. radius in pounds. 

resistance armature and field, respectively. 
speed in revolutions per minute. 

total conductors on surface of armature. 

turns on one field pole. 

flux per pole in maxwells. 

number of poles. 

number of paths in parallel on armature. 

area cross-section magnetic circuit at air gap. 
length magnetic circuit. 

equivalent permeability magnetic circuit. 

power delivered to the shaft of motor expressed in 
watts. 


From the experimental definition of the volt: 


or 


yt cep. 
© = 60 x 10% (1) 
60 X 10%be 
Vee 
N.dp (2) 


but if leakage and armature reaction be neglected, 


Substituting 


but 


therefore, 


_ AnN DT Ap 
aids Oe iS) 
_ 47.7 X 10%bel 
is ee NapN sl Ap : 4) 
e=H —I(K.+ Ry), (5) 
y — 47.7 X 10°F — (Ra + Ry)] 
NapNjTAp . (6) 


As all factors in the right-hand side of Eq. (6) are either constants 
of the design or dependent upon current, a series of assumed 
values of current will give corresponding values of speed 5 ae 
from which the speed characteristic may be plotted. It will 
be seen from Eq. (2) that, if ¢ be constant because of field satura- 
tion, the speed V will vary directly with the counter e.m4. e. 
Since, however, the voltage drop due to resistance is a small 
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percentage of the impressed voltage, it may be said that the speed 
of a series motor varies with the voltage impressed upon it if 
load conditions remain the same. This fact is of importance 
in the design of car-control systems. 

With reference to the torque characteristic and neglecting 
iron losses, 


P=el (7) 

= acne 8) 

poene ee S148 OO 10s (9) 
or T= saa ee (10) 


If the flux ¢ be assumed constant, which would be the case with 
the magnetic circuit saturated, Eq. (10) proves that the torque of 
a series motor will vary directly with the current as previously 
stated. 

While the efficiency and the temperature characteristics can be 
very closely approximated in advance by means of empirical 
formulas, it is usually customary to determine these values 
roughly by comparison with other machines of similar design 
which have been previously constructed and to await the test 
for accurate results. 

Several methods of testing are available for the determination 
of all the characteristics of the motor when constructed. Three 
methods will be briefly outlined, of which the one involving the 
apparatus most available may be selected. 

Prony-brake Test.—This test is probably the simplest of 
the three and may be used where plenty of power is available 
for the operation of the motor up to 50 or 100 per cent overloads. 
As the name implies, the motor is loaded by means of a prony 
brake from which the torque may be directly determined, while 
the current and the speed are read directly by means of an amme- 
ter connected in series with the motor, and a tachometer. A 
resistance may be inserted, if necessary, to maintain constant 
voltage across the motor. The efficiency curve may be obtained 
by making a series of calculations from the following Eq. (18) 
with varying currents. It is believed that the derivation of the 


formula is self-explanatory. 
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If 7’ represents torque at pulley at a radius of 1 ft. 
2rVT’ 


Input (hp.) = ae (12) 
Efficiency = ae (13) 


Pumping-back Test.—For this test two motors, identical 
in design and construction, are necessary, but the method has the 
advantage of a relatively small power demand, as the losses alone 

are supplied from _ outside 
sources. 

Two motors are placed in 

‘ alignment with shafts end 

to end and mechanically 

clutched together. They are 

so connected (Fig. 21) that one 

Fia. 21.—Connections for pumping machine, acting as a motor 

rege with aseparately excited field, 
drives the other as a generator. The latter has a series- 
connected field. By varying the field strength F’ by means of 
the resistance R the current A’ may be controlled from no load 
to overload. The output of motor No. 2, if the losses are sup- 
plied from the external source S, is the product of the readings 
V and A’. This value of power, 


QrVT" X 746 
33,000.” (14) 


EI = 


whence the torque 


, _ 88,000EI _ 7.05EI 
o> 3e GAG UE aaa a (15) 


Speed and torque plotted against current in amperes read from 
meter A’ furnish the two principal motor characteristics. 

In order to find the efficiency, for which a knowledge of the 
losses is necessary, the assumption is made that the combined 
iron and friction losses of the two machines are equal. Since 
the field I?R loss of No. 2 has been eliminated from the calcula- 
tion by the fact of its separate excitation, the losses represented 
by the power AV must be made up of the following: 
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Friction losses of both machines. 
Tron losses of both machines. 
I’R losses of both armatures. 
I?R losses of No. 1 field. 


If the resistances of both armatures and fields are known, the 
I?R losses can be readily calculated for the various values of 
current. These losses subtracted from AV leave the total 
iron and friction losses of the two machines, one-half of which, 
according to the above assumption, is chargeable to each motor. 
Thus the losses, and therefore the efficiency of the motor under 
test, become known and the efficiency characteristic may be 
plotted. If a more detailed analysis of iron and friction losses is 
desired, additional tests with different connections must be 
made.* 

The two temperature curves of Fig. 20 showing respectively 
the time required for the motor to rise 75°C. above the room 
temperature when starting cold and the time to rise 20°C. above 
the temperature of 75°C. for the various currents in the motor 
circuit, are of the greatest value not only in selecting the proper 
motor for a given service, but for determining the tempera- 
ture rise corresponding to various overloads which the motor 
will usually be called upon to carry for short intervals of time. 
The values from which these curves may be plotted can best be 
obtained by actual test, preferably with the connections of Fig. 21, 
separate runs being made, of course, for each value of current. 
Thermometers placed on the various parts of the machine during 
the run indicate when the desired temperature has been reached 
and the time for such rise may then be plotted against the con- 
stant value of current maintained during the test.? Additional 
thermometers may be applied to determine the temperature of 
rotating parts at the end of the test and the hot resistance of the 
windings taken to determine by calculation the internal tempera- 
tures of the coils. 

Test Using One Motor as a Generator.—In this case the 
motors are mechanically clutched together as in the “pumping- 
back” test, one being used as a motor to drive the other as 
a generator. The latter is loaded by means of a water rheostat, 


i KARAPETOFF, V., “Experimental Electrical Engineering,” pp. 406-407. 
2 See Rating, chap. XXIII. 
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as shown in Fig. 22. The calculations for losses and efficiency 
are very similar to those in the previous test, this method 
differing from the former principally in the type of load used. 
These connections are often used by the manufacturing compa- 
nies for the heat run usually 
applied to railway motors. 
Gear Ratio.—Since a suit- 
able design for arailway motor 
demands a speed much higher 
Fia. 22.—Connections for motor used than that at which the car axle 
as generator. . $ iS 
should be driven in ordinary 
installations, single-reduction gearing is introduced between the 
motor shaft and the car axle, a pinion upon the former engaging 
a gear keyed to the latter. 
It has become customary in railway practice to express this 
gear ratio as an integer, or 


Number teeth in gear 


BE Number teeth in pinion’ 


(16) 


As it is most convenient to plot the characteristic curves of 
railway motors in terms of forces at the periphery of the car 
wheel and speeds in miles per hour traveled by the car, it is 
obvious that a given group of such curves is dependent upon a 
single definite car-wheel diameter and gear ratio. With a 
change of gear ratio, however, the motor speed remaining the 
same, the speed of the car will change in the inverse proportion 
while the tractive effort will, of course, vary in direct proportion 
to the change in gear ratio. 

The torque and speed characteristics may, therefore, be 
changed to apply to a new gear ratio by the use of the propor- 
tions given in Eqs. (17) and (18). 


New speed _ Old gear ratio 


Old speed New gear ratio ote 
New tractive effort _ New gear ratio 18 
Old tractive effort Old gear ratio et) 


Motor characteristics thus changed are represented by the 
broken lines of Fig. 20. 

Since the tractive effort increases and the speed decreases for 
a given current as the gear ratio is increased, it is clear that more 
rapid acceleration may be obtained with a given equipment with 
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greater gear ratios. Where frequent stops are necessary and 
the equipment can maintain schedule speed without difficulty, 
the question of possible increase of gear ratio may be studied 
to advantage. 

More than this, if the required tractive effort can be maintained 
with a reduced current by increasing the gear ratio and if the high 
speeds obtainable with a low ratio are not required to make 
schedule time, a very material decrease in the power taken by 
the car or train may often be secured by more careful selection 
of gears. 

A concrete example of the accomplishment of both of the pre- 
ceding improvements is indicated in the following test: 


Gear ratios 


3.58 | 4.12 
Stops per mile (average)... 2.65.55 wees vce oe tee | 10.3 
Benedmle speed) UND cates ee sinew soso bare oe 8.2 8.1 
Wiettehouns per Car MIG. cs. .6< ols en eae 2.0 2,640.0 
Watt-hours per ton mile...................65: 0.6 4.6 


An increase was made in the number of stops in this case with 
but slight decrease of schedule speed, while the power taken by 
the car was materially reduced. In many such instances a care- 
ful selection of the proper gears will result not only in better 
' service but in less operating cost as well. 


CHAPTER VI 
SPEED-TIME CURVES (COMPONENTS) 


Weight of Car.—From the familiar relation Force = Mass X 
Acceleration, expressed in the formula 


F = ma, (19) 


it is clear that the weight of the car, complete with its equipment 
and load, will enter into the calculations for the speed-time curve 
as an important factor. The above equation may, however, be 
reduced to a form more convenient for railway application as 
follows: 


m=" (20) 
g 
where w represents the weight in pounds and g the accelera- 


tion of gravity (32.2). Equation (19) becomes with this sub- 
stitution 


hime: Gh 

Changing to the more convenient units of miles per hour in place 
5,280 

of feet per second by means of the constant 1 m.p.h. = 3 600 7 


1.467 ft. per second or a = 1.467 A, when A is expressed in miles 
per hour per second, and substituting 2,000 W in place of w 
expressed in pounds, Eq. (21) becomes 


Fe WA X 2,000 X 1.467 
~ 32.2 


In order, therefore, to accelerate a car at a rate of 1 m.p.h. 
p.s., a net force of 91.1 lb. must be exerted for every ton weight 
of car. It must be remembered that this net force available 
for acceleration is only that which remains after all resistances 
to the motion of the car have been overcome. 

It is now possible to obtain relation between the tractive effort 
of the motors comprising the car equipment and the acceleration 
that this tractive effort will produce for a given weight of car. 

54 


= 91.1WA. (22) 
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This will obviously depend upon whether a two- or four-motor 
equipment is used. Equation (22) may be written 
— _Dmn 
A= o1iW’ 29) 
if m= number of motors on car. 
Pm= net tractive effort per motor. 


From the above equation it will be seen that the acceleration is 
inversely proportional to weight of car. 

Bearing and Rolling Friction.—In studying the various retard- 
ing forces which have to be overcome by the motors in car opera- 
tion and which must, therefore, be subtracted from the gross 
tractive effort of the motors in order to determine the net effort 
available for acceleration, it seems logical to consider first those 
forces acting under the normal conditions of a straight level 
track. Among these forces are found the friction of armature 
and axle bearings. The axle friction, which is usually the greater 
of the two, varies with the pressure on the bearing and, therefore, 
with the weight of the car for a given truck arrangement. Both 
frictional resistances vary very nearly in proportion with the 
speed. In building up an empirical formula for train resistance, 
therefore, expressed in pounds train resistance per ton weight of 
car, it would be expected that bearing friction would be repre- 
sented therein by a constant term added to a term varying with 
speed 

In the operation of a car, however, other frictional forces are 
exerted between the wheels and rails. These forces have been 
termed “rolling friction.’? They are caused partly by the rub- 
bing of the wheel flange against the head of the rail and partly 
by the fact that there is apparently a slight depression in the rail 
under each wheel out of which the wheel must be forced against 
an appreciable resistance. This effect is more marked with a 
greater distance between ties or where rail spikes have become 
loosened, allowing considerable vertical motion to the rail as the 
car passes over it. Since the flange friction previously mentioned 
is considerably increased if the track gage is not maintained 
constant, the entire item of rolling friction may vary greatly 
with the condition of the track. As this resistance will also vary 
with the speed and weight of the car for a given track, both bear- 
ing and rolling friction may be represented by a single constant 
plus a second term varying with speed. 
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Air Resistance.—The amount of resistance offered to the 
motion of the car by the air is very surprising, especially single 
cars at relatively high speeds. Not only is considerable resist- 
ance offered to the front cross-section of the car as it cuts through 
the various strata of air, but the friction of the air upon the sides 
of the car and the eddies and suction produced at the rear cause a 
considerable retarding effect upon the motion of a train. This 
suction phenomenon may readily be observed at the rear of a high- 
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speed train by noting the motion which it conveys to cinders and 
light objects found along the track. 

This air friction upon the various portions of the car has been 
more or less successfully measured in train-resistance tests, but 
there still exists a wide difference of opinion regarding its abso- 
lute value. It is generally conceded, however, that the front- 
and rear-end resistances are proportional to the cross-sectional 
area of the car from car axle to roof and that the side resistance of 
a single car is approximately one-tenth of the sum of the head 
and rear resistances. Since the side resistance is much smaller 
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than the end resistance, it would be expected that the total air 
resistance per ton weight of car would be very much greater for a 
single car than fora train. This has been found to be so marked 
in the tests carried out that it is usually impractical to operate a 
single car much over 60 m.p.h., while a train of many cars may 
be operated at much higher speeds without serious loss. While 
this air resistance is a comparatively small quantity at low speeds, 
it is generally considered to vary with the square of the speed and 
is, therefore, a very formidable factor at high speeds. 
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As a result of the various train-resistance tests which have been 
made by determining the retardation of cars and trains while 
coasting from different initial speeds to a standstill on a straight, 
level track, a number of empirical formulas have been suggested 
and used with varying degrees of accuracy in train calculations. 
The test which have been made comparatively recently with 
electric equipment, with which the power is much more accurately 
measured than in steam-locomotive tests, may be represented by 
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the curves of Fig. 23, plotted in pounds per ton train resistance 
for 25-ton cars against speed in miles per hour. This train 
resistance includes bearing and rolling friction and air resistance 
upon the entire car or train. 

The empirical formula! from which these curves were plotted 
and which probably approximates most closely the true train 
resistance in practice of short, high-speed trains is represented 
below: 

50 0.002 
f Sif + 0.0RV + 5, 
f = total train resistance in pounds per ton weight of train. 
W = weight of train in tons. 
V = speed of train in miles per hour. 
a = area of cross-section of front end of car or locomotive 
above axle expressed in square feet. 
n= number of cars in train. 


Via (1+ n) (24) 


In this formula the first two terms express the rolling and bear- 
ing friction, while the last term determines the resistance due to 
air friction and suction. 

The effect of increased weight of cars upon train resistance at 
constant speed is very clearly shown in the curves of Fig. 24, 
which are plotted from the same formula. It must be remem- 
bered that this effect is entirely separate from the extra tractive 
effort necessary to accelerate the heavier cars and, therefore, 
represents an additional negative force or resistance which the 
motors are called upon to overcome when operating heavy 
rolling stock. 

Rotative Inertia of Wheels and Armature.—It will be remem- 
bered from mechanics that if two different rotating masses 
of different inertia are acted upon by similar propelling and 
similar resisting forces respectively, the mass having the greater 
inertia will have the lower value of acceleration or retardation, 
as the case may be. 

From this fact it would be expected that the relatively large 
inertia of the rotating elements of the car, including motor arma- 
tures, gears, pinions, axles, and wheels, would tend to reduce the 
acceleration when the car is starting and the retardation when 
coasting and braking. This inertia factor must be taken into 

1 ArMsTRONG, A. H., ‘‘Electric Traction.” 
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consideration in the accurate calculation of speed time curves as 
follows: 


The energy of rotation 


Trees oae o> 
since 
I= Mk? (26) 
where w = angular velocity. 
I= moment of inertia. 
M = mass. 
k= radius of gyration. 


These fundamental formulas will be applied to this particular 
problem with the following nomenclature: 
Ny» = number of pairs of wheels on car. 
Na = number of armatures on ear. 
W.= weight of each pair of wheels and axle in tons. 
W.= weight of each armature in tons. 
k» = radius of gyration of wheels and axle. 
ka= radius of gyration of armature. 
r = radius of wheels in feet. 
A = acceleration of car in miles per hour per second. 
V = velocity of car in feet per second. 
v= velocity at extremity of radius of gyration. 
g= acceleration of gravity. 
G= gear ratio. 
W = weight of car in tons. 
p= net tractive effort at periphery of wheel. 


Considering first the wheels and axles: 
From Eq. (25) 


2 
ie teWalboeh (27) 
g 
But 

kyo = 0. (28) 

Substituting, apt 
Ee = Ny iS (29) 

g 


Since the velocity of the periphery of the car wheel is the same 
as that of the car, if it be assumed that no slipping occurs, 


By = tne 2 (* v)> ou 
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or, in other words, replace n.W. with the equivalent weight 
(=) neWe if V is used in Eq. (29). 


In a similar manner, remembering that in transferring arma- 
ture values to those at the periphery of the wheel the gear ratio G 
must be introduced, 


Wa/Ka . 
E.= moog (“av ) (31) 
a 2 
from which the equivalent weight is ("a") TaW a. 


By adding the new values of equivalent weight, expressed in 
tons, necessary to overcome rotational inertia, therefore, Eq. (22) 
may be corrected to read 

Bir \* 
)) 


F = 91.14[ W + reWe(“®) + neWo( 


Since the radius of gyration 
I 
k= u (33) 
and all revolving parts to be considered in electric traction may. 


be assumed to be cylinders revolving about their axes, 


I=M’, (34) 
k= i (35) 


In order to determine approximately the magnitude of the 
inertia of rotating parts, the following concrete values, which are 
often found in practice, may be assumed: 


Mn eg = 
W, = 1,500 Ib. = 0.75 ton 
W. = 700|b. = 0.35 ton 
oo = 1.375 ft 
ax 19 mir He 
33 in. .. 
ko = 2X 12/2 = GOP Tt: 
14 in. 
id = 2x 12/2 ==0.419 ft; 
A =1m.,p.h. per sec. 
G = 19/52 = 2.74 


W = 25 tons. 
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Substituting in Eq. (32) 
Ff = 91.1(25 + 1.49 + 0.944) = 2,500 lb., 


or 100 Ib. per ton. In other words, the net tractive effort 
necessary for translation must be increased approximately 9.8 
per cent for this car in order to overcome the inertia of rotating 
parts for an acceleration of 1 m.p.h. per second. 

For approximate calculations, 100 lb. per ton is often assumed 
for the net tractive effort without calculation of rotative inertia. 
The following table taken from the “Standard Handbook”’ will 
give other values which may be assumed under varying 
conditions: 


Taste VI.—PrerR Centr or Torat Tracttve Errort CoNnsuMED IN 
Roratine Parts 


Per CENT 
Electric locomotive and heavy freight train............ 5 
Electric locomotive and high speed passenger train..... ff 
Blectrie Migh-apeed MOLY Cars <),.0) 25.6. p seen yee ens if 
Electric low-speed motor Cars...... 625.2 cere crsecvees 10 


Grades.—Whenever a grade is encountered, it is not only 
necessary to provide an additional tractive effort to overcome 
linear and rotational inertia, but it is also necessary to make use 
of some of the tractive effort of the motors in actually lifting the 
car through the vertical distance represented by the grade. In 


Fig. 25.—Forces existing as result of grades. 


other words, referring to Fig. 25, the weight of the car W may 
be resolved into the two forces N and W sin a, which are normal 
and parallel to the track, respectively. The reaction of the track 
balances the former, while a force proportional to the latter 
must be supplied by the motors of the car. As the angles a 
and a’ are equal, it is obvious that this force is proportional 
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to the grade and amounts to 0.01 X 2,000 = 20 1b. per ton weight 
of car for each per cent of grade. If the car is on a down grade, 
this force is available for producing acceleration and is, therefore, 
added to the tractive effort of the motors. 

The ruling grade of a road is that grade which limits the weight 
of the train or car to be operated upon a given schedule. It is 
not necessarily the steepest grade upon the road, for the momen- 
tum of the train may often be sufficient to prevent a short, steep 
grade which is advantageously located from becoming a deter- 
mining feature in the weight of train for a desired schedule. 
The ruling grade can be determined only by careful calculation of 
operating characteristics upon all large grades on the road or by 
actual test runs over the road with trains of varying weight. 

Curves.—Before it is possible to consider the resistance offered 
to the passage of a car or train by curves in the track, it is neces- 


Fia. 26.—Track curve diagram. 


sary to understand clearly the method of rating curves. In city 
streets, sharp curves are usually designated by their radii, e.g., 
a curve of 30-ft. radius. On private rights-of-way, however, in 
suburban and interurban construction, it has been customary to 
designate curves in degrees of central angle subtended by a 
chord of 100 ft. Referring to Fig. 26, if angle ¢ is drawn so that 
it is subtended by the chord ac of 100 ft. and ¢ = 1 deg., then 
the radius Ob necessary to make this assumption correct is found 
as follows: 


tan 30’ = 0.0087 = a or 0b = 5,730 ft: 


The radius of a 1-deg. curve is, therefore, 5,730 ft. 
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If, now, ab be moved toward O such a distance as to make 
Oe = eb 
6 50 


tan i. 2,865 = 0.0175 = tan 1° or 6 = 2°. 
Therefore, curvature in degrees = BLLo0e 
radius 


As a car enters a curve there is, of course, a tendency to ride 
over the outer rail and there occurs between the flange of the car 
wheel and the head of the rail considerable frictional force, 
tending to cause the car to follow the rail but at the same time 
retarding the motion of the car. This force must be considered 
as an additional resistance which manifests itself in frictional 
heat. 

The amount of this resistance has been approximated from 
test data and it is conceded that it is directly proportional to the 
curvature in degrees. Values ranging from 0.52 to 1 lb. per 
ton weight of car per degree curvature have been obtained, but 
good practice at present stipulates 0.6 lb. per ton weight of car 
per degree curvature. When the car is on a curve, therefore, an 
additional force of 0.6W X degrees curvature must be subtracted 
from the gross tractive effort in addition to all resistances pre- 
viously considered. 

Probably the best method of summarizing the discussion of 
train resistance is to express in terms of a formula the derivation 
of the net tractive effort available for acceleration from the 
gross tractive effort obtained from the motors, thus 

amet eo pie Ce: (36) 
where P = gross tractive effort of motors in pounds per ton. 
p =net tractive effort available for acceleration in 
pounds per ton. 
f = train resistance due to bearing and rolling friction 
and air resistance in pounds per ton, 


g = resistance due to grades in pounds per ton. 
c = resistance due to curves in pounds per ton. 


The use of this net tractive effort p in calculating the accel- 
eration of a car or train will be discussed in detail in the following 


chapter. 


CHAPTER VII 
SPEED-TIME CURVES (THEORY) 


Having considered in detail the various factors entering into 
the speed-time curve, the methods of plotting same may now be 
considered. Two methods are in general use, the so-called 
‘‘cut-and-try”’ method which involves considerably more time 
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Fig. 27.—Speed and distance curves. 


for its performance, but which is the more accurate, and the 

“straight-line’ method which assumes all portions of the dia- 

gram made up of straight lines, thereby simplifying the calcula- 

tion at the expense of the introduction of slight errors. The 

former and more accurate method will first be considered, for 
64 
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only through the complete analysis of the correct curves can a 
thorough understanding of electric-car performance be obtained. 

The distance between the two consecutive stops having been 
determined, it is next necessary to select the proper schedule 
speed for the run, 7.e. the average speed which, if maintained 


constant throughout the run, would bring the car to its destina- 


tion in the required time. This speed is usually determined from 
traffic studies and is, of course, dependent upon the train sched- 
ule of the entire system. With the distance and schedule 
speed determined, the time required for the run can be calculated 
and the limits of the curve laid off graphically to scale as OT 
in Fig. 27. 

The nomenclature which will be used is as follows: 


T.E. = gross tractive effort per motor in pounds. 
gross tractive effort at periphery of car wheel in 
pounds per ton. 

p = net tractive effort in pounds per ton. 

v = speed corresponding to 7... in miles per hour. 

I = current corresponding to 7.H. in amperes. 
A = acceleration in miles per hour per second. 
D = retardation in miles per hour per second. 
V 
S 


a) 
I 


= average speed in miles per hour. 
= length of run in feet. 
s, s’, etc. = distances in feet. 
= time for entire run in seconds. 
t, t’, etc. = time for portions of run in seconds. 
= train resistance in pounds per ton. 
g = grade resistance in pounds per ton. 
c = curve resistance in pounds per ton. 

b = braking resistance in pounds per ton. 
W = weight of car in tons. 
n 
Wi 


number of motors on Car. 
= weight of car per motor in tons. 
Referring to Fig. 27 
=f = ot 
oF 7 V X 1.467 Cp, 
The acceleration A must be assumed sufficiently large to 
enable the desired schedule to be made and yet not so great as 
to be of inconvenience to passengers. Values may be taken from 
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Table VII for the class of service under consideration. The 
method of calculating the net tractive effort p has been pre- 
viously explained in formulas and it will, therefore, be considered 
as a known quantity. 


TaspLE VII.—AccELERATION RATES 


; Acceleration in 

Type of service m.p.h./sec. 
Electric passenger locomotives...........+++2+++55 0.3 to 0.6 
Interurban Cars serss.cerye moe ics eine ieee ene 0.8 to1.3 
CON Aide 5G- Pane an Reta So seit ts hd ose 1.5 to 2.0 
Highest practicable rate............-.-+.+-+++---- 2.0 to 2.5 


Oe ee ee ge a ee eee 
The gross tractive effort per ton may now be found: 
Pi=(p FPL re: (38) 


The sign of the grade resistance g depends, of course, upon 
whether the car is ascending or descending the grade; in the 
latter case the sign is negative and the gross tractive effort 
necessary is decreased by the presence of the grade. 

The weight of car which must be accelerated by each motor is 


Wi= ut (39) 


The gross tractive effort which the motor must exert is, therefore- 
W 
DBE Wa a ae ek oe (40) 


Referring to the characteristic curves of the motor which has 
been assumed as probably of the correct design for this service, 
the gross tractive effort 7.H. is found to correspond to a current 
I (Oa, Fig. 28) and at this current the speed is v (ab, Fig. 28). 
The motors of the car will be able to maintain this rate of accel- 
eration A as long as they can be supplied with current J = Oa. 
As the speed increases, however, the current, and therefore the 
tractive effort, will decrease unless the voltage applied to the 
motors is increased. This is the function of the control equip- 
ment, whether it be of the rheostatic, series-parallel, or autotrans- 
former type. Until such time as the voltage impressed upon the 
motors reaches the maximum value possible with the particular 
control equipment in use the assumed value of acceleration 
A may be used for calculation. In other words, the acceleration 
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portion of the speed-time curve may be drawn as a straight 
line from O with a slope of & [ties A) until a speed is reached 


corresponding to v = ab (Fig. 28). This line is drawn as Ob’ 
in Fig. 27 where a’b’ = ab (Fig. 28). 


SPEED AND TORQUE CHARACTERISTICS 
OF WESTINGHOUSE NO, 56-500 VOLT MOTOR 
50 AMP., 300 VOLTS’ 
| 46 AMP., 400 VOLTS 


3 Tractive Effort-Lbs, 


20 


10 


20 9640 60 80 100 120 140 160 180 200 


Beyond the point b’ the “‘cut-and-try’” method using incre- 
ments of speed and time must be used. ‘The time, ¢ = Oa’ corre- 
sponding to point b’, can readily be calculated from the equation 


= a’bl (41) 
Assuming a small increment of speed beyond point b’ = dv, 


the new speed is v + dv = ec. Referring to the characteristic 
curves (Fig. 28), this speed ec corresponds to a gross tractive 
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effort T.E.’ = ef. It is now necessary to determine what 
acceleration this tractive effort can produce as follows: 
: poate 7 ' ; 

Net tractive effort p’ = a fut GaSe. (42) 


If the speed increments are selected sufficiently small, the 
value of f’ will not be materially different from f, although for 
accurate work substitution should be made of the resistance from 
the train-resistance curves (Fig. 23) for the average speed repre- 
sented by the increment dv. The distance curve explained below 
will determine the portions of track corresponding to various 
points on the speed-time curve, thus permitting correct values . 
of g and c to be selected. In many cases these latter values do 
not change materially throughout the calculation. 

Having determined the new value of net tractive effort p’, 


Al= "A, (43) 


where A’ is the new acceleration for the increment of speed do. 
The time required to traverse the distance ds may be calculated 
from the equation 

dt = ee (44) 

The coordinates of the next point upon the acceleration curve 
are, therefore, known to be v + dv = g’b” and t + dt = Og’, 
and the point may, therefore, be plotted as b’’. 

If this procedure be continued, assuming new increments of 
speed and calculating the corresponding values of the time 
increments, the complete acceleration curve may be plotted. 
This curve will become horizontal when the acceleration reaches 
zero; or, in other words, when the gross tractive effort of the 
motors is completely balanced by the resistances so that no net 
tractive effort remains to produce acceleration. With no change 
in grade or curvature of track the car will continue running at 
constant maximum speed until the power is shut off. 

Coasting.—The amount of coasting permissible in a given 
run varies widely. In some instances where schedules are very 
conservatively planned and the equipment more than adequate 
for the demands made upon it, excessive coasting is introduced, 
while in heavy suburban and elevated service braking is often 
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begun as soon as power is shut off, the coasting portion of the 
curve being entirely eliminated. In order to be able to make up 
time in case of delay, however, some coasting should be provided 
for in the speed-time curve, the time involved in this portion of 
the run acting as a storage reservoir for a hydraulic plant, since 
it may be drawn upon if necessary to maintain normal schedules. 

In order to plot an absolutely accurate coasting curve, the 
“cut-and-try”’ method should be used, since the average speed 
during the coasting period, from which the train-resistance factor 
f is obtained, is difficult to predetermine, and for the further 
reason that the resistance f does not vary directly with the 
decrease in speed. It is customary, however, to consider the 
coasting portion of the diagram as a straight line, 7.e., toassume 
the retardation constant, and to select the value of f from appro- 
priate resistance curves (Fig. 23) for an approximate average 
speed during coasting, or even to assume f directly. This value 
is often taken arbitrarily at 15 Ib. per ton. 

With the value of f known, the retardation is 


from which the increment of time dt corresponding to an assumed 
change of speed dv may be calculated as follows: 


dv 
=—: 46 
dt D, (46) 


The coasting line may then be drawn through f’, (Fig. 27) 
with a slope D, = at Such a line is f’k, (Vig. 27), f’ being 


any point arbitrarily selected upon the acceleration curve. The 
line f’k determines the slope, but not necessarily the exact position 
of the coasting line. 

Braking.—Since the speed-time curve must cut the time axis 
at T (Fig. 27) in order that the run may be completed in the pre- 
determined schedule time, the braking line can best be drawn 
back from 7’, the slope being determined by the assumed brak- 
ing retardation, as in the case of the coasting curve. As in the 
case of acceleration, this rate must be selected sufficiently high to 
enable the schedule to be maintained and yet not prove dis- 
agreeable to passengers. In heavy suburban and elevated traffic 
where speed is relatively high and headway short, the braking 
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rate must necessarily be high. Braking rates as high as 2.5 
m.p.h./sec. may be attained in extreme cases with high-speed 
passenger trains, although rates for freight trains do not exceed 
0.7 to 0.8 m.p.h./sec. An average figure often assumed is 1.5 
m.p.h./sec. The braking line in Fig. 27 is represented by Tr’. 

The area under the speed-time curve obviously represents the 
distance traveled during the run. In plotting the curve, there- 
fore, especially if the distance-time curve is not simultaneously 
plotted, it is advisable to determine the area of the diagram occa- 
sionally by means of a planimeter as a check upon the distance. 
In closing the diagram, also, after the braking line has been 
drawn, the coasting line I’m’. must be so located parallel to f'k 
that the area of the diagram will correspond to the distance 
traveled between the stops under consideration. The comple- 
tion of the diagram is, therefore, a ‘‘cut-and-try”’ method. 

In order that this method of plotting speed-time curves may be 
more clearly understood, a concrete example of a typical problem 
will be found in Chap. IX. 


CHAPTER VIII 


DISTANCE-, CURRENT-, AND POWER-TIME CURVES 
(THEORY) 


The speed-time curve having been determined, the second- 
ary curves which are dependent thereon may now be given 
consideration. 

Distance-time Curves.—The distance-time curve, which is 
usually plotted simultaneously with the speed-time curve, is also 
obtained by the “step-by-step”’ method, the series of increments 
of time determined for the speed-time curve together with the 
corresponding average speeds during the increment being used to 
calculate the increments of distance as follows: 

V1 + V2 

2 


These increments of distance when plotted form the curve On'p’ 
(Fig. 27), having ordinates expressing distance in feet: correspond- 
ing to abscissz of time in seconds. Such a curve rises slowly as 
the speed increases, maintains a constant slope, and gradually 
approaches the horizontal during the coasting and braking periods. 

Current-time Curve.—In order that the power which will be 
taken by a car on a given run may be predetermined, the current- 
and voltage-time curves must be plotted. Since the voltage is 
usually assumed constant at some average value which may 
reasonably be expected to obtain over the entire line, its graphical 
representation is merely a straight horizontal line. 

With the current, however, it will be remembered that the 
control equipment is expected to maintain practically constant- 
current values in’each motor until the net tractive effort falls 
below that necessary for the initial assumed acceleration. This 
point, which is represented by b’ (Fig. 27), has its time coordinate 
definitely fixed. The current per motor J, as found from the 
characteristics for this particular speed, might be plotted as 
constant from the start to a point ¢ = oa’. Since, however, the 
series-parallel control is ordinarily used and the current con- 

v1 


ds = x 1.467d¢. (47) 
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sumption for two motors is the important consideration, it is 
usually assumed that during the first half of the time oa’ (Fig. 
27) the motors are in series and during the latter half period in 
parallel. The current consumption for two motors is, therefore, 
double the value in the latter or parallel half that it is in the 
first or series half of the constant acceleration portion of the run. 
Thus two of the motors of a four-motor equipment would have a 
current-time curve during the constant acceleration period rep- 
resented by OO’afg (Fig. 29), while the current of all four motors 
or, better, the current per car for the same period may be deter- 


CURRENT TIME CURVES 
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mined at any instant from the curve OO’’fkb” of the same figure. 
Since the two sets, of two motors each, are in parallel with each 
other, the total current per car in the series connection OO” is 
double OO’ and the corresponding “‘parallel”’ current a’’b’’ is 
double OO”. 

Beyond the point 6’, because of the increase of speed, the 
current begins to decrease, each point on the curve being readily 
determined by referring back to the motor-characteristic curve 
(Fig. 28) for the current values corresponding to the various 
coordinates of speed and time on the speed-time curve. The 
complete current curve up to the time og’ (Fig. 27) where the 
current is shut off, may then be plotted as OO”’fkb"’lq’ (Fig. 29). 
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Power-time Curve.—The power taken at various times 
during the run can be very readily represented graphically with 
the same abscissz as the above current curve but with ordinates 
which are the products of the current-curve ordinates and the 
average assumed voltage. Since the voltage is constant, the 
power diagram 0,0,"fikiby"liqi’ (Fig. 30) will take the same 
form as the current curve. 

If alternating-current, series motors are being considered, with 
which the series-parallel control is seldom used, the current per 
motor and also per car will remain fairly constant throughout the 
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constant acceleration period, 7.e., during the time Oa” (Fig. 29). 
Since the voltage impressed upon the motors during this period is 
usually varied by means of an autotransformer or induction 
regulator, neither of which involves the power losses incurred by 
the direct-current rheostatic and series-parallel control systems, 
the voltage curve is assumed as a straight line between the start- 
ing voltage and maximum operating secondary voltage. This 
starting voltage, or the voltage necessary to produce the initial 
tractive effort, may be determined from motor tests, while the 
maximum operating secondary voltage is usually that at which 
the motors are designed to operate. 

If the product of the ordinates of the current and voltage 
curves for each of the time increments be plotted to a scale 
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reduced in the ratio of 1,000 to 1, a kilovolt-ampere curve results 
which is quite as useful in determining substation and distri- 
bution-system requirements as the kilowatt curve. Figure 31 
illustrates such a kilovolt-ampere curve for a proposed inter- 
urban line operating 72-ton, two-car trains, made up of a 44-ton 
motor car and a 24-ton trailer with rotative weight of 4 tons, 
equipped with four 125-hp., 200-volt, 25-cycle, single-phase, 
alternating-current, series motors with a 2.33 gear ratio. 
Whereas the kilovolt-ampere-time curve is of great value as 
explained above, it is usually necessary to know the actual power 


0 40 80 120 160 200 240 280 320 = 360 400 440 
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consumption expressed in kilowatts at any time during the run. 
This is rendered possible by plotting the kilowatt-time curve 
(Fig. 31), which is related to the kilovolt-ampere curve at any 
instant by the expression 


Kilowatts = Kilovolt-amperes < power factor. (48) 


Reference to Fig. 170 will show that the power factor of an 
alternating-current railway motor varies with the current. In 
order to fix accurately a point on the kilowatt-time curve of Fig. 
31, therefore, it is necessary to select a given instant of time, find 
the current in the motor at that instant from the current-time 
curve, determine the corresponding power factor from the motor- 
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characteristic curve and substitute in Eq. (48). In many cases, 
however, it will be found sufficiently accurate to assume an 
average power factor for the entire curve, with the possible excep- 
tion of the starting value, which is usually considerably lower 
than the average operating power factor. 

The area enclosed by a kilowatt-time curve is a measure of the 
energy consumed by the car or train during the run; thus, 


nm Area of diagram 


3,600 29) 
_ Area of diagram X 1,000 X 5,280 
a 3,600WS . on 


where E = energy in kilowatt-hours. 
E, = energy in watt-hours per ton-mile. 
W = weight of car or train in tons. 
S = length of run from station to station in feet. 


ll 


If this energy be expressed in kilowatt-hours H it will be 
found to be in convenient form for calculating substation 
demands, while if expressed in ‘‘watt hours per ton-mile” EF, it 
will be found useful in comparing various runs with different 
types of equipment and under different service conditions, since 
it has become customary to express the results of power-time 
curve calculations for the purpose of simplicity in terms of 
this unit. 


CHAPTER IX 


SPEED-DISTANCE, CURRENT, AND POWER CURVES 
(CONCRETE EXAMPLES) 


In order that the use of the formulas and the method of plot- 
ting curves outlined in the previous chapters may be thoroughly 
understood, a typical concrete problem will be considered. 
Although this particular case has been considered because of its 
rather exceptional changes in grade, involving the most difficult 
phase of the problem, the curves will first be plotted using the 
distances listed in Table VIII, but assuming the track a level 
tangent. Comparative curves will later be calculated and plotted 
to illustrate the effect of grades. 


Taste VIII.—DisTances AND GRADES oF TypicaL RUN 


Street crossings Grade (per cent) aia os last sabre 
AMtOGIS etetaneot 0.0 600 600 
Bato @ menace ae 6.0 880 1,480 
CxO ere 5.0 400 1,880 
(5 VG) eee Ie 2.0 320 2,200 
Who Wan ae 0.5 1,240 3,440 
stor Graeetar 1.0 760 4,200 


A 25-ton interurban car, equipped with four Westinghouse No. 
56, 50-hp., direct-current railway motors and series-parallel con- 
trol, is to be operated over this road with a gear ratio of 24 to 
58 at a schedule speed of 18 m.p.h. The characteristics of this 
type of motor are found in Fig. 17. 

The initial constant acceleration will be assumed as 1.25 m.p.h. 
/sec., which is a fairly representative figure in electric-railway 
practice. 

A force of 100 lb. per ton will be considered as the necessary 
tractive effort to overcome the inertia of both translation and 
rotation in accelerating the car at a rate of 1 m.p.h. /sec. The 
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resistance curves found in Fig. 23 are plotted for a car of this 
weight and will, therefore, be used in this problem. 

The values which must be substituted for the symbols listed in 
Chap. VII (page 65) are, therefore, as follows: 


p= 125 

A = 1.25 

V=18 

ps = 4,200 

W = 25 

n=A4 
Wi = 6.25 

Using Eq. (38), the time of run is 
4,200 
T = Ig x 1.467 = 159 sec, 


In order to substitute in Eq. (36) for gross tractive effort 
the value of train resistance f must be approximated. This 
may be done sufficiently accurately by selecting the value from 
Fig. 23 corresponding to the average speed which must be 
assumed for the constant acceleration period. 

Taking this average speed at 10 m.p.h., f = 11 lb. per ton. 
From Eq. (38) 

P = (125 + 11) = 186 Ib. per ton. 


The gross tractive effort is, therefore, 
T.E. = 6.25 X 1386 = 850 lb. (40) 


Referring to the characteristic curves of this motor (Fig. 17), 

the current and the speed for this tractive effort are 
I = 84 amp. 
V = 20.4 m.p.h. 

The average speed from the start is, therefore, 10.2 m.p.h., 
which proves the assumption of 10 m.p.h. used in obtaining the 
value of train resistance f was sufficiently accurate. Had this 
assumption been much in error a corrected calculation of tractive 
effort should have been made. 

The time required for the period of constant acceleration is 
calculated from Eq. (41): 

, t= =e = 16.3 sec. 
‘The line Ob’ (Fig. 27) may now be plotted. 
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The corresponding distance covered is 
s=O+ = 1.467 X 16.3 = 244 ft. (47) 


This determines one point n’ on the distance curve. 

In order to determine the first point b’” on the curved portion 
of the acceleration diagram, an increment of speed must be 
assumed. 


Let dv = 5 m.p.h. or v + dv = 25.4 m.p.h. 
The gross tractive effort on the characteristic curve corresponding 
to 25.4 m.p.h. is 
T.E. = 400 lb. 


The average speed of this increment being 22.9, the new value 
of train resistance f’ will be found from the resistance curves to be 


f’ = 15 Ib. per ton. 


The new value of net tractive effort is, therefore, 


, _ 400 


ae ee 49 lb. per ton. (42) 


The corresponding value of acceleration is 


49 


Ane 95 X 1.25 = 0.49 m.p.h. / sec. (43) 
5 


The coordinates of the point b” are, therefore, 


V + dv = 25.4 m.p.h. and t + dt = 26.5 sec. 


The corresponding point on the distance curve is found as follows: 


20.4 + 25. 
oe aera x 1.467 X 10.2 = 342 ft. (47) 


s = 244 + 342 = 586 ft. from start. 


Neglecting the grade which is encountered at a distance of 14 
ft. beyond the above point and continuing the above “‘step-by- 
step” method, the values listed in Table IX may be determined 
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and the acceleration portion of the diagram plotted to the point 
a’, where the speed becomes constant. 


TaBLE IX.—Catcunatep Data, SPEED AND DisTaNcE-TIME CurRvEs 


dv | V+ dv dt t+ dt ds s + ds 
5 25.4 10.2 26.5 342 586 
3 28.4 LOST BY LAs 421 1,007 
3 31.4 22.2 59.4 974 1,981 
3 34.4 49.1 108.5 2,370 4,351 


Assuming the total braking resistance including train resistance 
6 = 150 lb. per ton which, of course, will produce a retardation 
of 1.5 m.p.h. / sec., a straight line may be drawn back from T = 
159 sec. with the above retardation as its slope. Such a line is 
Te (Fig 27). 

The train resistance during coasting should be selected as 
nearly as possible to the value which, on the train-resistance 
curves (Fig. 23), corresponds to the average speed expected during 
the coasting period. The value of 15 lb. per ton is often taken 
arbitrarily to represent this resistance and will, therefore, be used 
in this problem. Since this corresponds to a retardation of 0.15 
m.p.h. / sec., a line with this slope is drawn in the position f’k, 
cutting the braking line at point k’. 

If the area of the diagram Ob’b’f’k’T be measured with the 
planimeter it will be found to contain approximately 123 section 
squares. With the particular scales of speed and time used _each 
square is equivalent to a distance of 36.6 ft. The diagram, 
therefore, represents a distance of 123 X 36.6 ft. = 4,500 ft., 
which is greater than the length of the run. The coasting line 
must, therefore, be redrawn parallel with itself but starting with 
a lower initial speed until, by the ‘‘cut-and-try”’ method, the area 
of the diagram is found to correspond to the length of the run 
in feet. Such a.diagram is that bounded by the lines 0b’b’- 
m’'T (Fig. 27). If the true coasting resistance be now deter- 
mined it will be found to be 13.5. The assumption of 15 was, 
therefore, conservative. 

The distance-time curve will be of value in approximating the 
correct area of the diagram. The values of distance from Table 
IX plotted against time would produce the curve of distance 


80 ELECTRIC RAILWAY ENGINEERING 


covered by the car if it were to be allowed to reach constant speed. 
However, since the power is shut off and casting begun at aspeed 
of 27.5 m.p.h., a new distance curve must be determined beyond 


this point. 
The distance corresponding to point J’ is found as follows: 
Average V = oe = 26.5 m.p.h. 
t = 33 sec. 
ds = 26.5 X 1.467 X (33 — 26.5) = 252 ft. (47) 


s = 586 + 252 = 838 ft. from start. 


Continuing the calculations of distance corresponding to the 
coasting and braking portions of the diagram, the distance-time 
curve On’n’’p’ is determined which at 159 sec. checks very 
closely the length of the run. 

Speed and Distance Curves for Actual Grades.—If the actual 
grades listed in Table VIII be considered, the curves take quite a 
different and more complex form. Since it was found in the pre- 
vious calculations that the point b’’ corresponded to a distance 
but 14 ft. short of B (Table VIII) where the grade changes to 6 
per cent, it will introduce little error and simplify the calculations 
considerably to consider the grade beginning at this point. 

Since the 6 per cent grade will cause an immediate reduction in 
speed, a decrement of 3 m.p.h. will be assumed. 


dv =3m.p.h. V = 22.4m.p.h. Average V = 23.9 m.p.h. 
f” at 23.9 m.p.h. = 15.4 lb. per ton 
T.E. at 22.4 m.p.h. = 600 lb. 


rive gO 00). » ed 
eG 15.4 — 120 = —89.4 lb. (42) 
Retardation = 0.394 m.p.h. / sec. (43) 
dt = 0.304 — 7.6 sec. 


New point on curve has coordinates as follows: 


V = 224 mph. t = 26.5 + 7.6 = 34.1 sec. 
ds = 23.9 X 1.467 X 7.6 = 266 ft. (47) 
s = 586 + 266 = 852 ft. 


The corresponding point on the new distance-time curve is, there- 
fore, determined. 


Miles per Hour 
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Following this method, being careful to observe every change 
of grade at its correct distance from the start, the rather irregular 
curve 0b’b"'s’’l"m’’T (Fig. 32) results. If the distance corre- 
sponding to each of the steps assumed for the speed-time curve be 
calculated, the distance-time curve On'n’’p” may be plotted. If 
it be remembered that the slope of the distance-time curve S 
represents speed, the effect of grades in reducing speed will readily 
be detected if the two distance curves are compared. 
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Fig. 32. 


While the amounts of coasting in both of the speed-time curves 
considered are very generous, the effects of grades both in reduc- 
ing the possible coasting and in increasing the coasting retarda- 
tion in the second case are marked. If stops were necessary 1n 
this distance the coasting period would be greatly shortened and 
possibly eliminated if the same schedule speed were maintained. 

Current and Power Curves.—The gross tractive effort during 
the constant acceleration period Oa’ (Fig. 32) was found to be 


82 ELECTRIC RAILWAY ENGINEERING 


850 Ib., which requires a current value per motor of 84 amp. 
During the first half of this same period plotted to the same scale 
on Fig. 29, therefore, the current per pair of motorsin afour-motor 
equipment is 84 amp. while the current per car is 168 amp. 
In the second or parallel half of the period, however, the corre- 
sponding values of current are 168 and 336 amp., respectively. 
In determining the other points on the current curve, such as the 
current after 20 sec. have elapsed, for example, it is found from 
Fig. 32 that the speed is 22.5 m.p.h. Referring to the speed 
characteristic (Fig. 20) the corresponding current is found to be 
64 amp. per motor, or 256 amp. per car, since all four motors are 
now operating in parallel. This value is plotted against a time 
abscissa of 20 sec. in Fig. 29. Following out this method, the 
current required for operating the car over the level track will be 
represented by curve OO” fkb’lq’ (Fig. 29), while the correspond- 
ing current with the actual grades introduced is illustrated 
in curve OO'’fkb’’mnq’’. 

As an average voltage of 500 volts has been assumed on this 
road, the ordinates of the two similar curves of Fig. 30 are 500 
times those of Fig. 29 reduced to the convenient scale of kilowatts. 
If these curves be compared with the speed-time curve (Fig. 32), 
the increased values of power required as the car enters the grades 
will be noted. . 

The areas of the two kilowatt-time diagrams (Fig. 30) are 
3,960 and 12,100 kw.-sec., respectively. Applying Eq. (49), the 
energy requires by the level run is 


_ 3,960 


z 3,600 


= 1.1 kw-hr., (49) 


while that of a run involving the existing grades is 


12,100 


ome 3,600 


= 3.36 kw.-hr. (49) 


The energy consumptions for the two runs expressed in watt- 
hours per ton-mile are 


p, = 3:960_X 1,000 X 5,280 
3,600 X 25 X 4,200 

12,100 X 1,000 X 5,280 
3,600 X 25 X 4,200 


= 55.3 watt-hr./ton mile. (50) 


, 
hil = 


= 169 watt-hr./ton mile. (50) 
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Since the rolling stock and the equipment in this case are rather 
lighter than that of average interurban practice, the value of 55.3 
watt-hr. /ton-mile for the level track is rather a low figure, while 
the steep grades in the latter case render the figure 169 for 
E , rather above the average. The very fact, however, that these 
values of energy vary over so wide a range illustrates the marked 
effects which may be attributed to local conditions and 
emphasizes the necessity of a complete and detailed study of each 
proposed road before accurate estimates can be made of its cost 
of construction or dependable conclusions drawn regarding the 
advisability of its installation. 

In Table X will be found results of actual tests upon cars and 
locomotive-propelled trains for various types of service 


CHAPTER X 
SPEED-TIME CURVES (STRAIGHT-LINE) 


The method of plotting speed-time curves outlined in the 
previous chapter is most desirable for final calculations where 
considerable accuracy is necessary. For preliminary approxi- 
mate results, however, it is not necessary to go to this refinement 
and the so-called ‘‘straight-line’’ speed-time curve described 
below is therefore used. 


Ba E 


COMPARISON OF SFEED - TIME CURVES 


Miles per Hour 


Seconds 
Fia. 33. 


In Fig. 33 will be found reproduced the speed-time curve 
oabcd calculated in Chap. IX for a straight, level track (Fig. 
27). If, now, the time Od and the distance, represented by the 
area Oabcd, are kept constant and the acceleration be assumed 
constant, 7.e., the acceleration portion of the figure a straight 
line, the diagram Oaec’d may be drawn with the same area and 
with the average assumed coasting and braking retardations of 
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0.15 and 1.5 m.p.h./sec., respectively. Such a chart, although 
it may vary considerably in some details from the more accurately 
drawn curve previously considered, is extensively used for rapid 
calculations of possible schedules for a given road and for the 
rough determinations of required equipment and preliminary 
estimates. 

Granted that the straight-line diagram is sufficiently accurate 
for most practical purposes, an unlimited number of similar 
speed-time diagrams may be plotted for the same distance and 
time by varying the rate of acceleration but with constant coast- 
ing and braking retardations. Such a series of diagrams for a 
1-mile run in 120 sec. appears in Fig. 34,!in which OBC represents 


reo : 
|_| | 


60 


~ 
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Miles per Hour 
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cm 


0 20 40 100 120 


60 
Seconds 
Fia. 34.—Typical speed time curves. (Varying rates of acceleration.) 


a run with no coasting and, therefore, the lowest possible rate of 
acceleration, while the other extreme case, which is, of course, 
theoretical only, is represented with an acceleration OA infinitely 
great. Between these two limiting values there are a number 
of possible selections to be made, the gross tractive efforts 
listed on the chart including the net effort necessary for accelera- 
tion plus the 15 Ib. per ton train resistance assumed for all dia- 
grams. It should be noted that the dotted line AB is the locus 
of maximum speeds for all diagrams. 

Furthermore, if the distance still remain constant at 1 mile and 
the time for the entire run be varied, the more complete chart 
(Fig. 35)! results, which is made up of a series of charts like Fig, 


‘Taken from Armsrrone, A. H., ‘Electric Traction.’ 
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34, each having its own acceleration variations for a fixed distance 
and time. The dotted curve of F ig. 35 represents the locus of 
maximum speeds necessary to cover the distance of 1 mile in 
any given time represented as an abscissa. For example, 
if it be desired to cover the mile run in 150 sec., the braking line 
terminating at 150 sec. shows the maximum speed with any 
acceleration to be 48 m.p.h. corresponding to a gross tractive 
effort of 51.2 Ib. per ton. If other rates of acceleration are pos- 
sible, the particular chart designated by the point 51.2 may be 
treated as outlined in Fig. 34. 


T\ 
7 


Miles per Hour 


Li 
I gue 


WALA 


Seconds: 
Fig. 35.—General speed time curves. 


These charts are of little use, however, unless readily applicable 
to various lengths of run. Such application may be made in the 
following manner. 

It can be readily proved geometrically that the ratio of the alti- 
tudes or bases of two similar trapezoids is that of the square root 
of their areas. ‘The speed-time diagrams which have been con- 
sidered in this chapter are trapezoids with altitudes representing 
maximum speeds, bases representing time, and, therefore, with 
areas expressed in terms of distance. If the length of run be 
changed, keeping the same acceleration and coasting and braking 
retardations, the diagrams for the two lengths of run will remain 
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similar and the following formulas may be derived for the calcula- 
tion of maximum speed and time. 


T = schedule time for original run. 
T’ = schedule time for new run. 
S = distance of original run. 
S’ = distance of new run. 
Vm = Maximum speed of original run. 
V'm = Maximum speed of new run. 


(nee? 
Pag de 1 
rats (51) 
Vee 
Vin V3 (62) 


As an illustration of the use of these formulas, it will be 
assumed that the speed-time diagram is desired for a run one-half 
the length of that considered in the previous chapter (2,100 ft.) 
(Fig. 33) with the same rate of acceleration, coasting, and braking. 
From the diagram the following values may be scaled: 


T = Od = 159 sec. 
Vn = ef = 28.5 m.p.h. 


S = 4,200 ft. 
Substituting in Eqs. (51 and (52), 
T’ = 159+/0.5 = 112.4 sec. (51) 
V'm = 28.5+/0.5 = 20.1 m.p.h. (52) 


Plotting these values, the diagram Oe’c’’d’ results and, there- 
fore, represents fairly accurately a speed-time curve for a distance 
of 2,100 ft. with a minimum of labor involved in its determination. 

Energy Calculations.—As the acceleration was assumed con- 
stant in the above diagrams, it is usually not sufficiently accurate 
to derive from them the current and kilowatt-time curves as was 
done in Chaps. VIII and IX. The energy required for the run 
may be closely approximated, however, by the following method, 
which may also be used to advantage as a check on the power- 
time curves when the latter are plotted by the ‘‘step-by-step”’ 
_ method. 

Assume the following nomenclature: 


V 
Ve 


average speed in miles per hour. 
initial coasting speed in miles per hour. 
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Vy = initial braking speed in miles per hour. 
r = total train resistance in pounds per ton including 


Uae fae). 
E,= energy in watt-hours per ton-mile. 
2,000 W 
m = mass of car = ———_. 


b = braking force at periphery of car wheel in pounds per ton. 
S. = distance traveled from beginning of coasting period 
to stop with no braking. 
S, = distance traveled from beginning of braking period 
to stop. 
t, = time of coasting in seconds. 
&% = time of braking in seconds. 
B, = VX 5,280 X r X 746 
60 X 33,000V 


= 1.99r. (53) 


This may be considered with little error to be 2r. 

This represents in simple form the net energy at the wheels of 
the car. ‘To obtain the gross input to motors this must be divided 
by the efficiency of the motors with gears included. 

Energy during the Braking Period.—Furthermore, it should 
be noted that neither Eq. (53) nor the formulas of Chap. VIII 
includes the power required to stop the car. To determine this 
power exerted during the braking period, proceed as follows: 


m(V, X 1.467)? 


a aaa Wares a 
but 
e=S8(b+7)W, (55) 
therefore, Be iets 
WSi(b + 17) = 20% 9% es (56) 
The power during the braking period is, therefore, 
Foot-pounds per minute _ 60WS,(b + r) 
Das 33,000 ~~ 33,0004, 
or simplified p wr 
Hp, = 80. X 2000W(1.467V2)* _ gyo¥¥%, (57) 


32.2 X 2 X 33,000% 


Coasting Energy and Train Resistance.—If, however, the 
above reasoning be applied to the results of a coasting test in 
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which the car or train is allowed to coast to a standstill from 
various initial speeds, the train resistance may be calculated thus: 


_ 2,000W(1.467V.)? 


WS.r mh (58) 

whence : 
= Vie 59 
r = 66.8 o (59) 


If, however, the portion of the coasting line to the point where 
brakes are applied is being considered, Eq. (59) becomes 
V2 = Ve 

Se 

By thus combining the straight-line, speed-time charts with the 
calculation of energy from the above formulas, a rapid although 
approximate method of calculating train performance is provided 
which will be found of great convenience. 


i —s00so) 


(60) 


CHAPTER XI 
LOCOMOTIVE TRAIN HAULAGE 


In the previous chapters, the problems that apply particularly 
to motor-car train haulage have been studied. This chapter 
will be devoted to a study of the application of electric loco- 
motives as a source of motive power for railway trains. 

Drawbar Pull—The drawbar pull of a locomotive is the 
force exerted by the locomotive on its drawbar. The more 
important of the factors on which this force depends are as follows: 


1. Characteristics and capacity of the motors. 
2. Gear ratio. 

3. Diameter of drivers. 

4. Train resistance of the locomotive. 

5. Adhesive weight. 

6. Coefficient of adhesion. 


The characteristics of a 100-ton, direct-current, freight loco- 
motive are shown in Fig. 36. The points marked C and “1 
Hr.”’ indicate respectively the continuous and 1-hr. ratings of 
the locomotive. It will be noted that tractive effort has been 
used for the abscissa of these curves instead of amperes, as 
in Fig. 20; the arrangement here used is believed to be more 
convenient for use in the solution of locomotive train haulage 
problems. 

The effect of changing the gear ratio of the motors has been 
discussed in Chap. V, and, therefore, needs no further discussion 
here. 

For a given motor speed, any increase in the diameter of the 
drive wheels of a locomotive causes a proportional decrease 
in the tractive effort, and, therefore, a decrease in the drawbar 
pull. Considerations such as stresses at contact area between 
driver and rail, tire wear, surface speed of journals, and track 
maintehance fix the minimum driver diameter for a given weight 


on driver axle. 
91 
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As has been intimated in a previous chapter, it is a very 
difficult matter to secure consistent results in experimental deter- 
minations of train resistance. Authentic data on the subject of 
locomotive train resistance are scarce. The practice of engi- 
neers differs widely. Burch recommends that 22.2 lb. per ton 
on drivers be used for the frictional resistances and 0.24V” 
for the total air resistance of the locomotive.1 Some engineers 
use a constant value of 15 lb. per ton for all conditions of track, 


Locomotive Characteristics 


100 Tons Total Weight 
o. Motors 
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Locomotive Tractive Effort, Thousands of Lb. 
Fie. 36. 


weather, and speed. Equation (24) has for its basis the tests 
made on the New York Central electric locomotive No. 6000 
during its 50,000-mile endurance run. The locomotive resistance 
may be calculated from a modification of Eq. (24) 
90 0.002V2 

fi = Hap + 0.030 + vo (61) 
frictional and air resistances of the’ locomotive in 
pounds per ton. 

V = speed in miles per hour. 

1 Burcu, “Electric Traction for Railway Trains.”’ 


where fi 
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I| 


Wi 


a 


weight of the locomotive in tons. 


cross-section of locomotive above the axle in square 
feet. 


This formula gives results which check very well with those 
secured in the New York Central tests with the locomotive 
running alone.t The curve in Fig. 37, giving the train resistance 
for the 100-ton freight locomotive whose characteristics are 
shown in Fig. 36, was plotted from this formula. 
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The adhesive weight of a locomotive is defined by the A. I. E. E. 
as ‘‘the sum of the weights on drivers and of the drivers them- 
selves.”’? The ratio of the adhesive weight to the total weight 
of the locomotive varies from about 0.65 for large, high-speed 
passenger locomotives to 1.00 for freight and interurban locomo- 
tives. Interurban locomotive weights vary between the limits 
of 25 and 75 tons, 50 tons being an average weight. In heavy 
traction service, such as obtains on electrified steam lines, the 

1 See also “Standard Handbook for Electrical Eng'neers.” 

2Proc. A.J. E E., August 1914. 


94 ELECTRIC RAILWAY ENGINEERING 


locomotive unit weights vary from 75 to 150 tons. A unit 
weighing about 100 tons seems to fit present requirements best. 

The coefficient of adhesion is the ratio between the maximum 
tractive effort that can be exerted without slipping the drivers 
and the adhesive weight. Electric locomotives are often rated 
at 25 per cent adhesion; that is, the tractive effort which the 
motors can develop momentarily is 25 per cent of the adhesive 
weight. In Fig. 36 the dashed ordinate indicates the 25 per 
cent limit. When track conditions are bad, the maximum 
drawbar pull which a locomotive can exert is lowered because 
of the low coefficient of adhesion. 


TaBLE XI.—COEFFICIENT OF ADHESION! 


Per cent. Per cent. 
Most favorable condition........... 35 when sanded 40 
Gleany dry, rails teers le) teered tei tt 28 when sanded 30 
Thoroughly wet rail.;..........--.- 18 when sanded 24 
Greasy,moist rail.........-+-+++++- 15 when sanded 25 
Sleet-covered rail..........+---5-«- 15 when sanded 20 
Dry, snow-covered rail...........-+- 11 when sanded 15 


For a given speed, if 


T.E. = tractive effort of all motors on the locomotive, 
D.B.P. = drawbar pull of locomotive in pounds, 
g = grade resistance in pounds per ton, 
c = curve resistance in pounds per ton, 
Up di yang’! = ii 
the drawbar pull 


D.BP. = T.E. — Wifi tg+o) (62) 
= Tee = Wir. 


Power Required for Train Haulage—The power required for 
train haulage may now be calculated. 


Let U = energy, in watt-hours, required to haul trailing load 1 
mile (measured at drawbar). 
U; = energy in watt-hours, required to haul entire train 1 
mile. 
W = weight of trailing load in tons. 
r = (f +g + ¢) for trailing load. 
P = power input required for the train, as measured at the 
drawbar, in kilowatts. 


1 Burcu, “Electric Traction for Railway Trains.” 
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P; 


total power input to locomotive in kilowatts. 


average efficiency from current collector to drive 
wheels. 


From Eq. (53) 


3 
I 


U = 1.99rW. 
Therefore, 
Pe 1 .00r VV 
bites HOG" 1 000" ffs) 
The horsepower exerted at the drawbar will be 
POOR L0orWV , D.B.POXV 
iG 746 o76 be) 


If T.E. is substituted for D.B.P. in Eq. (64), the formula may be 
used to calculate the “horsepower at rim of drivers,” or the brake 
horsepower of thelocomotive. The total energy input required to 
haul the train 1 mile will be equal to the energy required to haul 
both cars and locomotive, divided by the efficiency of the loco- 
motive, or 

1.997rW + 1.9971W, — 1.99(rW + 71Wi) 


U; = 3 i 
q UT] 


The power input to the locomotive, 


pre LIV (W + mW), 
2 1,000 X 7 


For ordinary calculations 2r can be used instead of 1.997, in the 
preceding formulas, and 7 may be taken as 0.80. These formulas 
are based on the assumptions of constant speed and constant total 
train resistance, and therefore do not take into account the vari- 
able-speed and train-resistance conditions which obtain in 
practice. The average power input and the average energy input 
per train-mile fora givenrun calculated by using in these formulas 
the average speed and average total train resistance will be only 
approximate. Because of their convenience, however, the for- 
mulas are much used by engineers in making preliminary esti- 
mates and checking calculations. Where more accurate results 
are desired the power-time curve method, explained in Chap. 
VIII, may be used. 

Determination of the Tonnage Rating of a Locomotive.—In 
order to assist the train crews and yardmaster in making up 


(64.5) 
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trains, and to prevent overloading of locomotives, railroad com- 
panies usually supply their operating men with a table of tonnage 
ratings which gives for each locomotive the number of trailing 
tons it can haul over the division of the road on which it is 
operated. The calculation of locomotive tonnage ratings is 
one of the common problems in train haulage. A solution of 
this problem can be best illustrated with an example. 

It is desired to determine the tonnage rating of the locomotive 
whose characteristics are given in Fig. 36 for a section of road 
which has the following track conditions for a given direction 
of traffic: 


ITEM AEG Ch Ohi ae og Seok ce a Son ab Uop ac 0.2 per cent 
Rulingieradeicun bese sti eee ee eee 1.1 per cent 
henge thr ofstracky secrlone se ci aetna eee 10 miles 


The ruling grade which is located at the beginning of the 
section is 2,350 ft. in length, and the first 926 ft. of it is on a 3-deg. 
curve. 

The average empty freight car weighs about 15 tons and 
the average loaded car on this road weighs about 60 tons. It is 
desired to calculate: 

1. The number of loaded cars the locomotive can start on the 
ruling grade. 

2. The number of empty cars the locomotive can start on the 
ruling grade. 

3. The number of loaded cars the locomotive can haul at rated 
speed over the section. 

4, The number of empty cars the locomotive can haul at rated 
speed over the section. 

A solution of the problem, taking up its parts in the order 
above enumerated, follows: 

1. The maximum tractive effort which the locomotive can 
momentarily exert (Fig. 36) is 50,000 lb. The train resistance of 
the locomotive at starting (Fig. 37) is 5.25 lb. per ton. 

Experience has shown that, in order that a train may be started 
and brought up to speed under all ordinary track conditions, an 
accelerating force of about 15 lb. per ton of train weight must 
be allowed. The tractive force required by the locomotive at 
starting is 


100(15 + 5.25°+ 1.1 X 20 +3 X 0.6) = 4,400 Ib. 
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(The curve resistance is here estimated at 0.6 per ton per degree 
of curve.) 
The starting drawbar pull is, therefore, 


50,000 — 4,400 = 45,600 Ib. 


The train resistance f of a 60-ton freight car at starting (assumed 
to be equal to the resistance at 5 m.p.h.) is (Fig. 38)! 3.25 lb. per 


15 
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€ > 
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10 15 20 25 30 35 40 


Speedin M.P,H. 
Fig. 38.—Freight car train resistance curves. 


oO 


_ton. The total train resistance r of one car for the given track 
conditions is 
3.25 + 1.1 X 20+ 3 X 0.6 = 27.05 Ib. per ton. 
The tractive force required at starting is 
27.05 + 15 = 42.05 lb. per ton. 

aoe = 1,085 = number of tons the locomotive can start 

42.05 ; 
on the ruling grade. 


ne = 18 (approximately) = number of cars. 


1 From Bull. 43, Engineering Experiment Station, University of Illinois. 
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2. Proceeding in a similar manner, the empty-car tonnage 
and the number of empty cars will be found to be, respectively, 
985 tons and 65 cars. 

3. From Fig. 36 the continuous tractive effort of the locomotive 
is found to be 15,000 Ib. and the corresponding speed, 17.4 m.p.h. 
The tractive force necessary to haul the locomotive at 17.4 
m.p.h. is 

Wifi + g) = 100(6.25 + 240 X 20) 
wi O20. lb 
The drawbar pull 


D.B.P. = 15,000 — 1,025 = 18,975 lb. 
The tractive force necessary to haul 1 ton of the trailing load is 


r=ftg=39+% X20 =7.9lb. 


=o878 = 1,769 = number tons trailing load. 
1,769 
(oo 29 (approximately) = number of cars. 


4. In a similar manner the number of trailing tons of 
empty cars will be found to be 1,065 and the number of empty 
cars: 71, 

Under adverse rail conditions the coefficient of adhesion 
would be less than 25 per cent and the values obtained in (1) 
and (2) would have to be decreased proportionately. 

It is evident from the above results that the loaded-car tonnage 
rating of this locomotive for the given section of track is seri- 
ously limited by the ruling grade. Also, it is interesting to note 
that this locomotive can start on the ruling grade nearly as many 
empty cars as it can haul continuously at 17.4 m.p.h. 

Since the motor current during the accelerating period is far 
above the continuous-current rating of the motors, it is usually 
necessary to check the motor heating for the run over a given 
section. A method of checking the motor heating will be 
explained under the heading of Speed,- Distance-, Current-, and 
Power-time curves. 

Determination of the Locomotive Capacity Required for a 
Given Train.—This problem is the reverse of the preceding one, 
and, while ordinarily not so common, under present conditions of 
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heavy electric traction where electric locomotives are required 
to haul over certain sections of road trains that are hauled over 
other sections by steam locomotives, it is a problem that the rail- 
way engineer is often called upon to solve. 

With track and train conditions known, the drawbar pull and 
drawbar horsepower necessary to haul the train over the road 
can be readily computed by methods previously explained. The 
problem, then, is to find a locomotive which can develop the 
required drawbar pull at the required speed. The usual solu- 
tion is a “cut-and-try’’method. A locomotive which can develop 
the necessary drawbar horsepower (due allowance being made 
for excessive motor heating during accelerating periods) is selected 
and its gear ratio, or gear ratio and drive-wheel diameters, changed 
until a combination is found which will allow the locomotive to 
exert the required drawbar pull at the required speed. 

Speed-, Distance-, Current-, and Power-time Curves.—In the 
solution of problems connected with locomotive train haulage, 
speed-time curves are used: 

1. To determine whether or not a given locomotive hauling a 
given train can maintain a certain schedule speed. 

2. To determine the running time required by a given loco- 
motive to haul a given train over a given section of track. 

3. To aid in the accurate determination of current-time and: 
power-time curves and motor heating. 

Since the runs of locomotive-hauled trains are usually much 
longer than those of motor-car-hauled trains, the time required 
for accelerating and braking is usually small as compared with 
the total time required to make the run. The “straight-line,” 
speed-time curve, therefore, may be used with a very fair degree 
of accuracy in determinations (1) and (2), the constant-speed, or 
“balancing-speed,”’ as it is often called, part of the curve being 
plotted for the speed at which the train resistance of the trailing 
load just balances the drawbar pull of the locomotive. 

Determinations of the current- and power-time curves and 
motor heating require the use of the “cut-and-try” method 
of calculating the speed-time curves. 

The heating of a series motor is proportional to the square 
of the current (copper losses only considered). The heating 
effect, then, for the time dt and current I will be proportional 
to I’dt. If these heating effect increments be integrated over 
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the time ¢ necessary to make a complete run and the summation 
be divided by the time ¢t, the quotient will represent the square 
of a steady current which flowing for the time ¢ would produce 
the same heating effect as was produced by the variable current 
that actually existed in the motor windings. As the continuous 
current rating of a motor for a given operating voltage can 
always be readily determined by test or secured from manu- 
facturers’ data, the root-mean-square current offers a con- 
venient method of checking the motor heating of direct-current, 
series motors. 

Concrete Example of Speed-, Distance-, Current-, and Power- 
time Curves and Motor-heating Calculations.—Given the fol- 
lowing data: 

100-ton, 600-volt locomotive (Fig. 36). 

Trailing load of 18 sixty-ton cars or 1,080 trailing tons. 

Track conditions and data as in paragraph on determination 
of tonnage rating. 

Locomotive train resistance as in Fig. 37. 

Car train resistance as in Fig. 38. 

Braking rate 0.75 m.p.h./sec. 

Required to determine: 

1. Time necessary to make the run. 

2. Average running speed. 

3. The suitability of the locomotive from the standpoint of 
motor heating. 

4. The energy input, in kilowatt-hours, required to make the 
run. 

A force of 100 Ib. per ton will be considered as necessary to 
accelerate the train 1 m.p.h./sec. 

Let it be assumed that the motor connections during the 
“notching-up” period are (1) all motors in series, (2) motors in 
series parallel, (3) all motors in parallel, and that the ‘‘notching- 
up” time is equally divided among the three periods. It will 
also be assumed that the motor current is kept constant at 
600 amp. during the “notching-up”’ period. 

In dealing with locomotive-hauled trains it is more convenient 
to make this last assumption than to assume some definite rate 
of acceleration as was done in Chap.IX. Since those locomotives 
which are equipped with automatic controllers automatically 
keep the motor current constant during the notching-up period, 
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and the ammeter equipment on locomotives not so equipped 
enables the engineman to keep the current constant during this 
period, the preceding assumption accords well with operating 
practice. It is also more convenient to use the tractive effort 
of the locomotive rather than that of a single motor in the speed- 
time curve calculations. Otherwise the method of calculating 
the various curves is the same as was explained in Chaps. VII 
and IX. Since the method was discussed in detail in Chap. LX, 
it has not been thought necessary to repeat the details of the cal- 
culations here. Table XII gives the results of the calculation 
and illustrates a convenient form of record for such calculations. 
If more accurate results are desired, average values of J, T.E., 
and R may be used in the calculations. 

It will be noted that the first and second total distance values 
do not quite correspond with the ends of the curve and 1.1 per 
cent grade respectively, but the error resulting from the assump- 
tion that they do so correspond is negligible. The braking time 
and distance were calculated from the known speed at the begin- 
ning of retardation and the rate of retardation. 

The root-mean-square current as calculated is 251 amp. per 
motor, while the rated continuous current of the locomotive 
(Fig. 36) is 262 amp. This indicates that the loaded-car tonnage 
rating as previously calculated is all right from the standpoint 
of motor heating. 

While the preceding calculations give all of the desired results, 
the various curves may be plotted if so desired and the areas 
under the speed-time and power-time curves used to check the 
values of total distance and energy consumption respectively. 

Regenerative Braking.—By regenerative braking is meant the 
control of train speed by causing the motors to act as generators 
and to transform the kinetic energy of the moving train into 
electrical energy which is fed back into the trolley or contact line. 
The advantages and disadvantages of regenerative braking and 
the modifications necessary in the design of motors and control 
apparatus will be discussed in later chapters. In practice, regen- 
erative braking has so far not been used in stopping trains but in 
controlling the speed of trains on heavy grades. If the trains are 
heavy and the descending grades long, considerable saving in 
electrical energy can be made, amounting in some particularly 
favorable instances to about 30 per cent. 
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The power regenerated by a train descending a uniform grade - 
at constant speed may be accurately calculated: 


1.99V(rW + riW1)n, 
1,000 


where the symbols used have the same significance as in Eq. 
(63). 

As the grade resistance is negative, the result will have anegative 
sign, indicating that the transfer of energy is from the locomotive 
to the contact line instead of from contact line to locomo- 
tive. As this method does not take into account starting and 
stopping conditions, and the fact that most actual grades are 
more or less undulating, the general application of the formula 
gives results that are only approximate. On account of its con- 
venience it is often used by engineers in making preliminary 
estimates and in checking the results obtained by other methods. 

Where more accurate results are desired, speed-, distance-, 
current-, and power-time curves are plotted. The power-time 
curve should be plotted on the negative side of the axis for the 
periods during which the motors act as generators. The regen- 
erated power at the various points along the line may then 
be read directly from the curve. The energy regenerated in 
descending a given grade may be calculated by integrating the 
power-time curve for that section of the track on which the grade 
occurs. Before these curves can be plotted, it will be necessary 
to secure curves similar to those shown in Fig. 20, but giving the 
characteristics of the motor when acting as a generator. These 
curves may be obtained either from design data before the motor 
is built or by test if the motor has been constructed. In plotting 
the speed-, distance-, current-, and power- time curves the curves 
for motor action must be used when the train is taking energy from 
the line and the curves for generator action when the train is 
supplying energy to the line. 


Power output of locomotive = 


PART II 


POWER GENERATION AND 
DISTRIBUTION 


CHAPTER XII 
SUBSTATION AND POWER-STATION LOAD CURVES 


Whereas the previous chapters have been devoted to the opera- 
tion of cars and trains, with the ultimate object of determining 
the demands which they may make upon the power-distribution 
system, it is now necessary to study the combination of individual 
train demands and their connection with the average and maxi- 
mum loads on the substation and power station. 

The load curves of substation and power station have been 
treated simultaneously, since the substation of a large urban 
railroad or a relatively long interurban line acts as a source of 
power for the surrounding distribution system and therefore, 
as far as the determination of station output and capacity is 
concerned, it matters little whether the machines supplying the 
cars are in turn furnished with electrical power over a high-ten- 
sion transmission line or whether they are driven by engines or 
turbines. 

The most convenient units in which quickly to express the 
power demands of a train were found to be watt-hours per ton- 
mile. This demand was shown to vary greatly with schedule 
speed, weight of cars, condition and profile of track, length of 
run, etc. It is clear, therefore, that, except in very exceptional 
cases, a single value of energy cannot be applied for the entire 
length of an interurban run from terminal to terminal. Occa- 
sionally, however, with a straight, level right-of-way, with fairly 
constant schedule speed throughout the run, and with all cars of 
about the same size and weight, an average value of energy may 
be used for all cars for the entire run and the average substation 
demand for the day determined as follows: 


U = energy in kilowatt-hours. 

U, = energy of car in watt-hours per ton-mile. 

W = weight of car in tons. 

S, = length of section supplied by station in miles, 
106 
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N = number of trips in both directions over section per day 
determined from graphical train schedule. 
Eff. = efficiency of distribution system in per cent. 


The energy demand upon the substation in a day is, therefore, 


ety N W US, 
OU 5 000x ER. Ge 
The average load on the station in kilowatts during the day is 
2 (66) 


~ Hours operation per day 


If it were not for the excessive current taken during the accel- 
eration period as compared with the full-speed running current, 


SUBSTATION LOAD CURVE 
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Kilowatts. 
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A.M. P.M. A.M. 


Fia. 39. 


the maximum load on the station might be determined by multi- 
plying the average power required per car (average ordinate of 
the kilowatt-time diagram, Fig. 30) by the maximum number of 
cars operating upon a single substation section at any one time. 
This method will usually give too low a maximum demand, how- 
ever, and it is, therefore, necessary to find the maximum number 
of cars starting simultaneously on a single section. For such 
cars the maximum ordinate of the power-time curve (Fig. 30) 
must be used together with the average ordinate of the curves of 
such other cars as may be running upon the section at the same 
time. ‘To determine correctly the number of cars starting at any 
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one time, a great deal of judgment and knowledge of local con- 
ditions is necessary, in addition to a familiarity with the train 
schedule. If there be a siding located on the section, it is safe to 
assume at least two cars starting simultaneously. 

While this method of determining average and maximum loads 
upon a substation has been successfully used in practice, espe- 
cially where preliminary estimates only were involved and the 
runs between stations on a given section were quite similar in all 
respects, the more detailed method outlined below is usually 
finally adopted. 

A series of speed-, current-, and kilowatt-time curves are plotted 
for the entire road, one curve for each run between stations. If 
more than one class of service, such as local, limited, freight, etc., 
is proposed, a similar series of curves must be plotted for each. 
From the kilowatt-time curves it is possible to scale off the area 
representing the energy taken by the car or train during any 
particular interval of time throughout the run. The combined 
areas of all these curves may readily be expressed in terms of 
kilowatt-hours per run or, better, the portion of the run which is 
shown by the time abscissa and train schedule to be on a given 
substation section may be thus treated. It is only necessary, 
therefore, to integrate all types of runs throughout the day on a 
given section in order to obtain the total energy and average load 
on the station in-a similar manner to that of Eqs. (65) and (66). 

The problem may be carried one step farther if necessary and 
the ordinates of kilowatt-time diagrams of all trains on the section 
for each increment of time may be added together to form the 
most accurate load diagram which it is possible to predetermine 
for the substation. 

Many modifications of these two methods will present them- 
selves to the engineer as best fitted to local conditions and to the 
degree of accuracy required. Figure 39, for example, is a load 
diagram made up of rectangular areas, each representing the 
average kilowatt-hour demand of all cars on one of the 12-mile 
substation sections of an existing interurban road at a given 
hour of the day. The average load on the station found by 
taking the average ordinate of this curve for the day is 69.3 kw., 
while the maximum demand from the upper curve plotted with 
reference to the possible number of cars starting simultaneously 
on the section is 655 kw. 
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,it must be 


remembered that most roads have not only the daily fluctuations 


In plotting station load curves by whatever method 


of load which will be shown by the peaks of the load-time curve 
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This fact, together with the possi- 


year, even the train schedule being changed for one of less head- 


plotted for a single day, but there is usually considerable dif- 
ference between the load curves for the various seasons of the 


A 

9 

ra $ 
nm 

F 
| g 
ae S| q 
PTT TAYE cet soi es 
Saeaumall 51 aaa ee 
eae ae mes SUOL O96 = /440/ Aa obee el 
StL ea ee eee eee fei, S 
HAW SHOA P> 

3 

5 


SUBSTATION AND POWER-STATION LOAD CURVES 111 


bility of sudden daily demands due to special attractions along 
the line of the interurban road, especially upon holidays, must be 
given careful attention in applying load curves to the location 
and design of substations and power stations. 

Such daily variations in power expressed in kilowatts and 
energy measured in kilowatt-hours throughout several months of 
the year are indicated for two of the substations of the Butte, 
Anaconda & Pacific Ry. in a very interesting manner in the 
chart of Fig. 40, which has been reproduced from the General 
Electric Review. The effect which starting the various types of 
electrified service has upon the load curves of each substation is 
made evident upon the chart by the indication of the dates upon 
which such services were started. The general upward trend 
of the total and average energy curves during the winter months, 
when additional demands occur, is also significant. 

The demands for power made upon a substation from one 
minute to the next by an electrically operated 960-ton passenger 
train over the Rocky Mountain division of the Chicago, Mil- 
waukee & St. Paul Ry. are plotted in Fig. 41. The effects of 
the grade as indicated by the profile traversed by the train at the 
moment the power log was made, and the indirect effect of 
the grade upon trolley voltage, are of particular interest. As the 
train coasts down the incline the reversal of power is noted, dur- 
ing which period the 2,400- and 3,000-volt electric locomotives 
generate electrical power and deliver it to the substation as indi- 
cated by the portion of the curve below the zero line. Incident- 
ally, this is an excellent illustration of the regenerative braking 
principle described in the previous chapter. 

Load Factor.—The ‘‘load factor”? of a station or system is 
defined as the ratio: 

Average power X 100 

Maximum power deman 

Thus the load factor, as determined from the load curve of the 
substation in this particular case, is, 

69.3 X 100 

655—— 

The load factor should be determined and expressed for a definite 


period ‘of time, such as a day, month, or year, the power being 
averaged throughout the period of time for which the load factor 


q Per cent. (67) 


= 10.6 per cent. 
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is calculated. The maximum power demand is usually taken 
over a short interval representing the maximum load during the 
period in question. 

The proper interval to select, such as a 15-min. or half-hourly 
maximum demand, and also the period over which the load factor 
is to be determined are subject to local conditions and the purpose 
for which the load factor is to be used. Perhapsthemost common 
relation is the ‘“‘half-hour monthly”’ load factor. 

An equivalent definition of monthly load factor, making use of 
energy units, is sometimes more conveniently expressed as 

Kilowatt-hours output for month x 100 
Maximum power demand X hours in month 

It is, of course, desirable to maintain as high a load factor as 
possible, since it follows that the greatest energy output for a 
given investment necessary to meet maximum demandsis obtained 
under conditions of high load factor. Yet in interurban railway 
operation where traffic is relatively light and trains fewin number, 
it is hardly possible to improve conditions of load factor to any 
great extent over the particular case which has been used as an 
illustration. An average load factor obtained from the railway 
census for 20 representative interurban systems was 28.8 per cent, 
while that of a similar number of large city railways was 32.6 
per cent. However, the problem of higher load factors and more 
effective use of available station power throughout all hours of the 
day and all seasons of the year is rather intimately correlated 
with the following considerations. 

Station or Plant Factor.—The load factor of a particular generat- 
ing or substation is often confused with the so-called “plant 
factor” or “station factor,” which is more correctly defined for a 
corresponding definite period as 

Average power output < 100 
Rated power capacity of station 

Obviously, with adequate reserve capacity in the station, the 
station factor may be expected to be considerably lower than the 
load factor for the same period of time. With very large sys- 
tems, however, with several interconnected power stations and 
substations, it has been possible to furnish a variety of classes 
of service having their maximum demands at different hours of 
the day or during different seasons, thereby greatly improving the 
load factor and the efficiency and economy of operation. 


per cent. (68) 


Station factor = 


per cent. (69) 
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Diversity Factor.—Such operation involves the diversity factor, 
which is a measure of the variety of demands upon the system. 
It is defined as the ratio of the sum of the maximum power demands 
of the subdivisions of any system or parts of a system to the maxi- 
mum demand of the whole system or of the part of the system 
under consideration, measured at the point of supply or, more 
concisely, 

Sum of maximum demands. 
Actual maximum demand 

Several such maxima occurring at different hours will not pro- 
duce a single maximum demand equal to their arithmetical sum. 
In other words, the peaks of one type of load help to fill the val- 
leys of the load curves of other types of service. Thus both the 
energy and the average power are greater for a given station 
maximum demand or for a particular rating of station capacity. 
The diversity factor, usually expressed as an integer, should, 
therefore, be as high as possible. 

The arithmetical difference between the sum of several power 
demands and the corresponding single maximum demand upon a 
system is frequently expressed in terms of a diversity of power 
measured in kilowatts or horsepower. The greater such a differ- 
ence can be made the more efficient and economical is the operation 
of the system. 

One of the best examples in this country of economical genera- 
tion and distribution of electrical energy resulting in very high 
load factors and diversity factors is that of the Commonwealth 
Edison Company of Chicago. The following abstract is taken 
from a recent address by Samuel Insull before the Western Soci- 
ety of Engineers, to illustrate the timely significance of high load 
factors and great diversity of loads upon a single generating 
system. ‘The city railway, the elevated road, and some of the 
interurban roads in Chicago are supplied with electrical energy 
from the same system as the light and power demands of the city 
and surrounding territory. In 1922 about twice as much elec- 
trical energy was required to supply lighting and industrial 
demands in Chicago as it took to supply the railways. If the 
steam railroads entering Chicago were electrified they also would 
require about one-half the lighting and power needs. ‘The 
coincident demand of all three types of service would be 959,500 
kw., while the sum of the three individual maxima would be 


Diversity factor = 


(70) 
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1,110,500 kw. Thus a diversity factor of 1.16 would be experi- 
enced between the various classes of loads or, in other words, 
an actual diversity of 151,000-kw. capacity of generating equip- 
ment would be conserved. 

Mr. Insull went on to say: 


If you will take that saving of 151,000 kw., and figure it out at $100 
per kilowatt, which is a very low price for central stations at this time, 
and allow a 25 per cent reserve, that diversity would save an investment 
of $18,120,000. And if you go a little further and include the diversity 
that exists between the city and country districts, the diversity is 
increased to about 170,000 kw. The saving in serving all of these 
various organizations, with energy produced from the same source, 
would be upward of $20,000,000, not figuring anything for the electri- 
fication of the steam railroads outside the switching area. 


Diversity factors must be considered with respect to the class of 
service with which it is associated before it may be classed as 
“‘satisfactory”’ or too low, for example, a diversity factor of 3 or 4 
may be experienced between residence and industrial loads 
which will not effect the savings which this factor of 1.16 will 
provide between large blocks of wholesale industrial energy. A 
carefully worded load-factor clause is, therefore, often to be found 
in contracts involving the sale of large amounts of energy. 


CHAPTER XIII 
DISTRIBUTION SYSTEM 


The circuit which the propulsion current for a car follows 
extends from the feeder panel of the substation over the outgoing 
feeders and trolley to the car motors, thence through the rails 
back to the substation switchboard or, in some cases, directly to 
the negative terminal of the converter. The voltage at the sub- 
station is maintained constant, usually at 550 or 600 volts. The 
current flowing over the above circuit causes a drop of potential 
in proportion to the resistance of the entire circuit, in accordance 
with Ohm’s law. This fall of potential subtracted from the 
substation potential determines the voltage at the car. As the 
latter voltage should be as high and as constant as possible if 
good service is to be maintained, it follows that the resistance of 
the feeders and track return should be carefully proportioned. 
The latter will be discussed in detail under the subject of Bonds 
and Bonding, Chap. XVII, while this chapter will be devoted to 
the study of the overhead trolley and feeder system. 

On interurban roads and often in the city systems the trolley 
is sectionalized by the introduction of circuit breakers in the 
trolley wire which insulate one section from another. Cables 
from either side of the breaker are carried to a pole switch by 
means of which the sections may be connected together if neces- 
sary. ach section is generally supplied with power from a single 
substation through the agency of feeders paralleling the trolley 
for a portion of its length. The trolley wire itself for mechanical 
reasons is usually from No. 00 to No. 0000! B. &S. gage, hard-drawn 
copper, and is occasionally installed double with wires about 6 in. 
apart but electrically connected at every hanger. Where the 
current required is considerable this practice is very commend- 
able, for the second trolley replaces an equal amount of copper 
which would otherwise be installed in the insulated feeder and, 
what is of greater consequence, it eliminates all overhead switches 


1 For standards and specifications, see manual A. E. R. A. 
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and frogs in the trolley wire at sidings, the wires being spread as 
the tracks are separated, the car trolley always remaining on the 
right wire. With the size of trolley given, together with a well- 
bonded track of known weight and resistance, the problem resolves 
itself into one of feeder design. 

Since the problem is necessarily treated differently for inter- 
urban and urban roads, the former will be first considered. The 
minimum permissible voltage at the car under the worst condi- 
tions must first be assumed. While this voltage drops at times 
in interurban practice to 250 volts, a value of at least 350 volts 
should be used. ‘This allows a 250-volt drop in the distribution 


Ea BBL 


Fia. 42.—Continuous feeder distribution. 


system under maximum traffic conditions. Reference to the 
train schedule will determine this maximum condition, which 
usually involves two cars starting simultaneously and possibly 
others operating on the same section. Assuming the simplest 
form of distribution (Fig. 42), with the feeder paralleling the 
trolley for the entire length of the section and tapping into it suffi- 
ciently often so that they may be considered as one wire of large 
section, the following solution may be outlined: 


é€= permissible voltage drop. 
l= one-half length of section in feet. 

1,= distance of car (A) in feet. 

l2= distance of two cars at B in feet. 

I4= current taken by one car at A. 

Iz= current taken by two ears at B. 
7= resistance per foot of track (two rails). 

Rrr,= combined resistance per foot of feeder and trolley. 

r= resistance of copper per mil-foot. 


As in mechanics, the combined loads J, and I zs, determined 
from the current-time curve, may be considered as acting through 


eS eS —— 


a, ee 
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the equivalent distance 1, of the center of gravity of load from 
the substation where 


_ Lah + bly 
= aS phat ga eae (71) 
Volts drop in track er, = I,Rr(I4 + Is). (72) 
Allowable drop in feeder and trolley 
Crr = @ — LRr(La + Is) 3) 
— 1,RrT4 + Iz) 
ji € gltr\La B). 
st (la + Ie)l, ay 
Combined area of feeder and trolley in 
Circular mils = —-. (75) 


Rer 


Having determined the necessary combined area of feeder and 
trolley from Eq. (75), or from the wire tables, the known area 
of the trolley wire or wires may be subtracted and the necessary 
size of feeder remains. 

Assume for illustration, two cars, whose current-time curves 
are represented in Fig. 29, starting 3 miles from the substation 
and a similar car running at full speed 2 miles from station. The 
trolley consists of two No. 4/0 B. & S. wires and the track is of 
70-lb. rail with 9-in. bonds equivalent to one-half the rails in con- 
ductivity. The resistance of copper may be taken as 10.6 ohms 
per mil.-foot. 

Armstrong gives the resistance of third rail and track with 
the above bonding in the following table: 


Taste XIII.—ResIsTaNceE oF THIRD Rath AND TRACK 


Wt. of rail per yard 40 50 60 70 80 90 100 110 


Third rail resistance, 
ohms per mile........ 0.093! 0.074| 0.062) 0.053} 0.046) 0.042) 0.038) 0.034 
Third ach Fle re- 
sistance, ohms per 
experts BA es ae 0.066) 0.053/ 0.044) 0.038) 0.033) 0.029] 0.027) 0.024 


I, from Fig. 29 = 672 amp. 


Iz = 160 amp. 
jy — PPBOGT2 XB 160 2) — 14,800 ft. = 2.8 miles. (71) 
8 


Volts drop in track = 832 X 0.038 X 2.8 = 88.5 volts. (72) 
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Allowable drop in feeder and trolley = 161.5 volts. (73) 
Rrr AGL = 0.0000131, or 0.0131 ohm per 1,000 ft. 


~ 832 X 14,800 

Corresponding area from wire table = 800,000 cm. 

Two 4/0 trolley wires = 423,200 cm. 

Feeder section = 376,800 cm. 

Hither a standard 350,000- or 400,000-cm. cable might be chosen. 
If, in place of isolated sections of trolley, the wires be continu- 

ous from terminal to terminal and the substations connected in 

parallel with one another between trolley and rail, such a prob- 

lem as that assumed above would involve the determination of 

the portion of the current per car which was supplied from each of 


(aia : eS 
ee 


Fia. 43.—Division of current between substations. 


the two adjacent stations. Here again the principles of mechan- 
ics may be applied as illustrated in Fig. 43, where A is a car at 
distances J; and 1, from substations No. 1 and 2 respectively. 
If the car is drawing a current I, it may be safely assumed that 
its current demand on substation No. 1 is 


II 4 
a ’ 
ere oe = 
while the current taken from No. 2 is 
Lda 
Ties sf 
re ea ne 


With this understanding a problem in feeder calculation 
similar to the above offers no additional difficulties. 

Each half of the section in Fig. 42 was considered independently 
of the other for the reason that the feeders and trolleys of the 
two halves of the section are in parallel and, therefore, the volt- 
age drop in one does not affect the other. The solution of 
a problem with the substation located at the end of the section 
would, therefore, be treated in a similar manner. 

In many cases, however, feeders are tapped into the trolley at 
infrequent points, thus forming a network whose calculation is 
slightly more involved. Such a condition is illustrated in Fig. 
44, The feeder is tapped to the trolley at the two points a and 
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b at distances from the station of 1 and l1, respectively. Two 
cars are starting at B at a distance I. from the station with total 
current Ip. 

Volts drop in track = IpRrle. (78) 

Allowable drop in feeder and trolley err = e — IpRrlo. (79) 

In any branched circuit problem such as this it is always most 
convenient to make use of Kirchhoff’s laws, which may be stated 
as follows: 

First, “At any point in a circuit, the sum of the currents 
directed toward the point is equal to the sum of those directed 
away from it.” 

Second, “‘In any closed circuit the algebraic sum of the IR 
drops is equal to that of the e.m.fs.”’ 


Trolley 


a Se 


Fie. 44.—Feeders with infrequent taps. 


While in this simple problem it is obvious without stating such 
a law that the current entering the cars at B is the sum of the 
two currents arriving at B by the two paths from a. and b, 
respectively, and also that the drop in potential between B and 
b must be the same by either path, yet in complicated networks, 
especially in city streets, the statement of Kirchhoff’s laws in this 
form is most acceptable. 
The resistance from b to B direct is that of (J: — l) ft. of 
trolley, or 
Roz = Ry(le — hh), (80) 
if Rw represents the resistance of the trolley per foot. The 
corresponding resistance by path a is 
Ras = Ry(l — lk) + Re — hh), (81) 
with Rp representing resistance of feeder per foot. The currents 
in the two branches may now be calculated from the two equa- 
tions 
ih Bia- fs a an vk b (82) 
Tq _ Kos, (83) 
I, = Rap 
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With the current in each branch known, the fall of potential 
between point 6b and the car B may be determined from either 
of the equations 
€aB = Ia(Rap “fe Roa) (84) 
Gs = I,Roe. (85) 
That these two drops in voltage are identical will be shown more 
conclusively by substituting in Eq. 84 the value of current J, 
obtained from Eq. 83. 
As the total current I, is flowing through the feeder between 
b and S, the additional drop over this distance is 
; éos = I pRpli. 
The total drop in the overhead conductors between substation 
and car is, therefore, 
éy = [phos + IeRyli. (86) 

If the feeder had been tapped into the trolley at the substation 
S in addition to the other taps, a second network would have 
been added to the calculation, but the method of solution would 
not have been changed. In fact, any network may be readily 
solved with the use of Kirchhoff’s laws, if taken step by step. 

City Systems.—The principal difference between the calcula- 
tion of urban and interurban feeder systems is that in the former 
it is necessary to consider a large number of cars per section, each 
drawing an average current, which may be readily determined 
from their relative current-time curves or from actual tests with 
meters on the car if the road is already in operation. Such 
sections may ordinarily be considered as uniformly loaded with- 
out serious error. 

Such a section, represented by Fig. 45, may be treated as a 
uniformly loaded beam in mechanics, and in place of using the 
individual values of current taken by each car at a, b, ¢, etc., 
the total current of all cars on the section combined may be con- 


sidered as being taken from the midpoint, distant ‘ ft. from the 


station. The correctness of this method may be readily proved 
by integrating the voltage drops irdl between the limits of zero 
and the length of the line J, where 7 represents the current per 
foot andr the resistance per foot, respectively. Having now but 
the single equivalent current to consider, the problem may be 
solved as in the case of interurban systems previously described. 
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Although the limiting voltage drop is always the first con- 
sideration in railway feeders, it is well to check the safe carrying 
capacity of the cable selected by the above methods with the 
actual current which is flowing therein, the safe carrying capaci- 
ties for open wiring being readily found in any electrical handbook. 

Financial Considerations.—While the foregoing calculations 
will give the proper size of feeder to be installed for a given 
minimum potential at the car, it may be found that, because of 
too great an assumed distance between stations or for other rea- 
sons, the cost of the copper is prohibitive. Some consideration 
must, therefore, be given to the amount of power lost in the distri- 
bution system, and the relation of its annual cost to the interest 
and depreciation on the copper to be installed. 

If the J?# losses be summed up for each portion of the distri- 
bution section or if this same total loss be obtained from the 


re 


| ' 
| 
Trolley 


ol dos Moe Cah 
Fie. 45.—Uniformly loaded distribution section. 


product of the squared current by the equivalent resistance of 
the overhead conductors and rail return, the efficiency of the 
distribution system and the annual cost of power lost in distri- 
bution may be determined from the following equations: 


Efficiency distribution system = 


Power delivered to car . (87) 
Power delivered to car + J?R loss 


Cost of power 
in cents per kilo- 
watt hour at 
direct-current 
busses of substa- 
tion. (88) 


Kelvin’s law states that the most economical size of feeder to 
install is that in which the annual cost of power loss is equal 
to the interest and depreciation figured on first cost of installa- 


Annual cost PR loss 
of distribu- = ( or 
tion loss : 


>< hours per year) X 


122 ELECTRIC RAILWAY ENGINEERING 


tion. As the annual cost of power loss for a given length of 
feeder and current transmitted will decrease, while the interest 
and the depreciation charges will increase as the size of the cable 
increases, curves of these costs plotted with the size of cable as 
abscisse will intersect at the most economical size of wire to be 
installed. Such curves plotted for a current of 100 amp. in 
1,000 ft. of feeder with interest taken at 6 per cent and deprecia- 


& 
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Si 


Cost of Power, Interest and Depreciation in Dollars, 


200,000 400,000 600,000 800,000 1,000,000 
Feeder Size in Circular Mils. 
Fia. 46. 


tion at 2 per cent will be found from Fig. 46 to determine a feeder 
size of 375,000-cm. section, for which either the 350,000- or 
400,000-cm. standard size might be selected. The calculations 
from which these curves were plotted involved a cost of power of 
1 ct. per kilowatt-hour and a cost of copper installed of 20 cts. 
per pound. 

, Since any one of these feeder calculations taken by itself may 
give results which are unfavorable when all requirements of the 
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distribution system are considered, it is the duty of the engineer 
to calculate the proper feeder sizes necessary for a satisfactory 
line drop, to check these calculations for carrying capacity and by 
Kelvin’s law, and then to determine the relative weight to be 
given to the considerations of fall of potential, carrying capacity, 
and relative cost of power loss in the particular system in question.! 
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Fig. 47.—Typical bracket construction. 


Types of Systems.—The various systems of electric railway 
distribution of power may be classified with regard to structure 
and working potential. Where structure is considered, it is 
found that the systems group themselves into the simple over- 

1 See also Crecettus, L. P. and Puriurrs, Victor B., “The Economics of 


Direct-Current Railway Distribution, with Particular Reference to the 
Automatic Substation,” Trans. A. I. E. E., vol. 41, p. 417, 1922. 
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head trolley with bracket or span construction, the third-rail, 
and the so-called catenary construction. 

Bracket and Span Construction.—Typical forms of bracket 
and span construction are familiar to all because of their very 
general use in city and interurban installations. Figure 47 indi- 
cates a satisfactory standard of bracket design, while Fig. 48 com- 
bines ‘the span type of trolley suspension with a double-track 
roadway and duplicate three-phase transmission lines. 

Hard-drawn grooved trolley wire of 2/0 or 4/0 B. & S. gage is 
now almost universally used with mechanical clamping ears. 
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Fia. 48.—Typical span construction. 


The latter are hung from the insulating hangers or cones and are 
made to grip the groove in the trolley wire by means of machine 
screws. Much time and maintenance cost is saved with this 
mechanical construction as compared with the older soldered 
ears. Double insulation is provided between pole and trolley 
wire by means of an insulating hanger and the strain insulator 
in series. The latter insulators in span construction should be 
sufficiently near the trolley wire so that a broken “‘live”’ span 
cannot reach the ground, and yet they should be sufficiently 
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distant therefrom that a trolley pole cannot make contact with 
the live trolley wire and the insulated span wire simultaneously. 

Poles are usually spaced from 80 to 125 ft. apart, the lesser 
spacing being used on curves. Poles should be guyed on curves 
transversely with the line and anchors installed to take longitu- 
dinal strains at least every mile. With the present high cost of 
lumber it seems worth while to treat at least the butts of poles 
with preservative compound before installation, and it is often 
desirable to treat the entire pole. The poles should at least be 
kept well painted, even upon interurban lines. Iron and concrete 
poles have found a place in the city streets, principally because of 
their ornamental appearance. The corrosion of iron poles can 
be held in check by frequent painting and by setting butts in con- 
crete. In fact, the latter method is often used for the protec- 
tion of wooden poles even after they have begun to decay at the 
surface of the ground. 

Detailed specifications applicable to the material used in the 
simpler types of overhead distribution systems may be 
secured from the “‘Manual of the American Electric Railway 
Association” or the Transactions of the National Electric Light 
Association. 

‘The Third Rail.—The third rail presents one solution of the 
high-speed, heavy-current collection problem. The conductor 
in this case consists of rails well bonded together and supported on 
insulators. These insulators are placed on the ends of extra 
long ties spaced every sixth to tenth tie, so that the third rail 
is at one side and slightly above the running rail. At grade 
crossings there is necessarily a break in the third rail, but the con- 
ductor is made continuous by means of a copper cable laid 
in conduit under the crossing. The current is collected from the 
rail by contact shoes of iron, one or more of which are carried 
by each motor car. These shoes ordinarily are pressed down on 
the head of the rail by their own weight, but the protected rail 
is inverted and the contact shoe is held up against the rail head 
by means of springs. 

The third rail is supplied with power at various points by means 
of feeders, as in ordinary trolley construction. The calculations 
for third-rail installations are the same as for the ordinary direct- 
current trolley distribution system, the resistance of the third rail, 
(Table XIII) being used in place of that of the trolley wire. 
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This system is used mainly in 600-volt, direct-current service, 
although there are several installations of 1,200-volt, third-rail in 
operation. Some companies have gone so far as to use the third 
rail as a direct-current potential of 2,400 and 3,000 volts on part 
of their systems. The danger of the third rail to human life 
restricts its use to private right-of-way on interurban lines and 
to elevated or tunnel installations in cities. 

Catenary.—The catenary system of distribution was devised 
to eliminate the troubles that are necessarily attendant upon 
high-speed operation when the overhead trolley is used as a 
collector. The supports at the end of each span of the simple 
overhead trolley wire act as rigid points in the otherwise flexible 
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Fic. 49.—Rigid catenary construction, N. Y., N. H. & H. R. R. 


conductor, thus resulting in a tendency of the trolley wheel to 
leave the wire at these points, particularly at high speeds. 

For most successful high-speed operation the common rule 
for a railroad track may be applied to the track of the current 
collector. The track must be level and either uniformly rigid 
or uniformly flexible. Under these conditions a current collector 
will move smoothly upon the distributing conductor. 

The catenary construction is a direct result of single-phase, 
alternating-current distribution development. The high volt- 
ages used in the single-phase system make a conductor so near the 
ground as a third rail undesirable and one as large as a third 
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rail unnecessary for current-carrying capacity. ‘The overhead 
trolley was, therefore, improved for use at high speeds, resulting 
in the so-called catenary construction. The New York, New 
Haven & Hartford system (Fig. 49) is an example of rigid cate- 
nary construction. Nearly all the other styles of catenary are of 
the uniformly flexible type and are much more simple and 
economical. 

A simple form of catenary construction (Fig. 50) consists of a 
single messenger wire and a trolley wire, the messenger wire 
being supported with the proper amount of sag by insulators on 
the bracket arms of the poles, on cross-spans, or the horizontal 
members of the bridges at the end of each span. The trolley wire 
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Fie. 50.—Single catenary construction, N. Y., N. H. & H.R. R. 


is supported in a level position from this messenger by means of 
hangers of varying lengths. Most installations use an 11-point 
suspension of the trolley in a span of 150 ft. This construction 
was considered by some engineers as of not sufficiently uniform 
flexibility on account of the larger weight of the longer hangers 
near the span supports. The design was, therefore, modified by 
the hanging of a third wire, the trolley, from the second wire. 
This wire is supported by equal-weight hangers, which are free to 
move vertically. The result is a level, uniformly flexible trolley, 
moving through the same vertical distance at any point in the 
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span for a given pressure of the collector. The collectors used on 
catenary construction are either the ordinary trolley wheel at the 
end of a trolley pole or a roller contactor mounted on a bow or 
pantograph. ‘These are described in a later chapter. 

From the standpoint of working potential the classes of distri- 
bution systems are: 


1. Low-voltage direct current. 
2. High-voltage direct current. 
3. Three-phase alternating current. 
4, Single-phase alternating current. 


Under the heading of low-voltage direct current (550 to 600 
volts) are found practically all the city street-car lines, since city 
ordinances in this country, as a rule, prevent the use of higher 
voltages on public streets. A good many interurban lines are also 
equipped with this system. Ordinarily, trolley suspension or 
third-rail construction is used on these low voltages. 

A few years ago high-voltage, direct-current railway systems 
were considered more or less of an experiment. Since the 1,200- 
volt. systems have proved their merit, 2,400- and 3,000-volt 
potentials have been installed and have already demonstrated 
their success. 

The feature which has made this high-voltage direct-current 
supply possible is the commutating pole. It has eliminated the 
commutator troubles of high-voltage, direct-current generators 
and synchronous converters and has made possible the successful 
operation of high-voltage motors. 

Many roads in the United States have been equipped for 
1,200-, 1,500-, 2,400-, or 3,000-volt, direct-current operation. 
By far the greater number of these use the catenary construction. 
Their distribution systems are not essentially different from those 
operating at a potential of 600 volts. The potential is applied 
between trolley and rail and the trolley is paralleled with feeders 
whenever necessary. 

Three-phase supply of alternating-current power to the electric 
locomotive has not been very popular in this country thus far, 
although wherever it has been used it has proved successful. 
Probably the most unfavorable feature is the use of at least 
two trolley wires and a motor of constant-speed characteristics. 
A good example of three-phase installation in the United States is 
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furnished by the Great Northern electrification of the Cascade 
Tunnel. The power is furnished at high tension to the trans- 
formers on the locomotive through the agency of the two trolley 
wires and the track. One side of the track only is bonded and 
grounded. A double trolley pole equipped with collecting 
wheels is used. In place of trolley poles one Swiss railway makes 
use of a bow with roller collectors. The trolley wires are spaced 
farther apart than in the Great Northern installation and the two 
roller collectors, separated by insulating material, make contact 
with the wires. 

Some of the more recent electrified steam railroads handling 
heavy through passenger and freight traffic have retained the 
advantages of high-voltage current distribution and collection 
with a single-phase overhead conductor and track return, together 
with the corresponding advantages of polyphase and direct- 
current motors, by installing either phase converters of alternat- 
ing- to direct-current rotary converters or motor generators, 
respectively, upon the locomotives. 

The Norfolk & Western phase-converter locomotives providing 
for single-phase trolley and two-phase drive and the very recent 
decision on the part of the New York, New Haven & Hartford 
R. R. to contract for locomotives with direct-current motors 
supplied by a motor generator and single-phase trolley represent 
notable examples of such installations. This rolling-stock equip- 
ment is described more in detail in a later chapter, but the point 
of importance here is the extent to which railroad engineers will 
go in order to take advantage of the economy and convenience of 
operation of high-voltage, single-wire trolley with track return 
circuit. 


CHAPTER: XIV 
SUBSTATION LOCATION AND DESIGN 


Probably no question which the engineer of a proposed elec- 
tric-railway system has to decide is more dependent upon good 
engineering judgment and common sense than that of the loca- 
tion of substations and power stations. Many theoretical rules 
and formulas have been devised for calculating the most economi- 
cal location of such a station and many of these must be given 
consideration and granted their proper weight in the final decision, 
but they are of little value when taken alone and often lead to 
serious errors when given too much prominence or when adopted 
with too little reference to local engineering and financial 
relations. 

With this foreword a few of the most important of these theo- 
ries will be discussed, their relative importance being decided in 
each case by local and particularly by financial conditions. If 
the distinction between the design of alternating-current sub- 
stations for single-phase lines and substations supplying 600-. 
volt direct current as subsequently outlined is kept in mind, the 
following considerations may readily be applied to either type 
of station. 

Substation Location.—When considering a substation whose 
function it is to supply power to a network of lines in a limited 
district of a large city system, one of the important considerations, 
as in the case of the power station, is to locate the station as nearly 
as possible at the center of gravity of the load. This center of 
gravity may be conveniently determined graphically as in prob- 
lems in mechanics as follows: Locate the principal centers of 
distribution in the district, such as prominent street crossings and 
points from which several feeders radiate, and determine the 
average load at these points as well as the distances between 
them. These may be graphically represented as in Fig. 51, with 
the loads considered as weights at the corners of the diagram 
which is drawn to a convenient scale of distance. ‘The center of 
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gravity of the loads A and B would, obviously, be at H where 


AE 500 
BE = 200 and AB or (AE + BE) = 1.5 miles, while D and C 


might be combined into a single load of 1,650 kw. at F where 
DF _ 1,000 
CF 650 
The center of gravity of H and F with loads of 700 and 1,650, 
respectively, located at G will, therefore, be the center of gravity 
of the system, and from the standpoint alone of supplying the 
loads most economically this should be the location of the station. 


D— 650 K.w. 
Fie. 51.—Center of gravity of power demands. 


With the more common problem, however, of locating substa- 
tions for interurban lines where the loads are usually located in a 
single straight line, the question to be decided is how far apart 
the stations should be placed in the single direction and there- 

-fore how many and what capacity stations are necessary. The 
maximum distance between stations is limited by the voltage of 
the distribution system and in the case of the more common 600- 
volt, direct-current distribution the distance between stations 
seldom exceeds 12 miles, each station feeding 6 miles in either 
direction. Whether this distance shall be diminished or slightly 
increased in each particular case depends largely upon the fol- 
lowing considerations. 

As the number of substations for a given road is increased 
and, therefore, the distance between them diminished, the govern- 
ing factors will vary as outlined below. 
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The total cost of buildings and real estate will usually increase — 
in direct proportion to the increase in the number of stations. 
This statement is, of course, subject to the qualification that such 
spacing of stations does not locate one or more of them in the 
centers of towns or cities, or in such other places as may increase 
their cost from the standpoint of high land values or expensive 
architectural effects. 

The cost of attendance will increase directly with the number 
of stations as the increased capacity of the fewer stations would 
seldom, if ever, require more attendants than the small station 
unless the station were located in a congested city district where 
the high cost of real estate necessitated double decking the station. 

The substation equipment will cost more with the increased 
number of stations, but not proportionately more. Whereas 
much of the equipment will have to be duplicated with each 
station that is added and although the cost of small units is © 
greater per kilowatt capacity than that of large machines, yet if all 
the stations considered are of fairly large capacity the relay capac- 
ity necessary for overloads of long duration and for emergency 
use will not be as great with an increased number of stations. 
This may be illustrated by assuming a total average demand upon 
all substations of 2,000 kw. If two substations are decided upon, 
it would be good practice to install three 500-kw. units in each, 
or a total of 3,000 kw., thus leaving one 500-kw. machine in each 
station as a relay. If, however, four stations seem advisable of 
500-kw. average demand each, it is probable that three 250-kw. 
units would be used in each station requiring the same total 
of 3,000 kw. While the switchboards, wiring, lightning protec- 
tion, etc. would, therefore, cost double the amount for the four 
stations, the machines and transformers would be increased 
in cost only by the increase per kilowatt of small as compared with 
large units, which increase between units of 250 and 500 kw. is not 
great. Where the total demand on all stations is much less 
than that assumed in this case, however, the small station is at a 
disadvantage with respect to relay capacity and the increased 
cost of equipment may equal if not exceed the rate of increase in 
the number of stations. 

The losses in substation machinery will increase slightly with 
increase in the number of stations because of the lower efficiency 
of smaller units and the increased no-load losses of the larger 
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number of machines running light or idle for a portion of the 
time as is often the case in interurban stations. 

The cost of distribution copper and the losses in the distri- 
bution system will decrease with the increase in the number 
of stations, as the length and therefore the cost and 
resistance of feeders will decrease as the stations are moved 
nearer together. 

In order to reduce all of these quantities to common terms 
for comparison, an annual charge representing a certain pre- 
determined percentage of the first costs involved must be com- 
bined with the annual cost of attendance, maintenance, and 
power losses. This percentage of the first cost which becomes an 
annual charge in all estimates of this nature is termed a ‘‘fixed 
charge”’ and involves interest on investment, taxes if any, insur- 
ance, and depreciation on the equipment. This charge may be 
accurately estimated in each instance, but is often assumed a total 
of 15 per cent of the first cost whenever local conditions are such 
as not to eliminate any of the above-mentioned items involved 
in its make-up. If, therefore, a curve be plotted between ordi- 
nates representing the sum of fixed charges, annual cost of power 
losses, and maintenance and abscisse expressed in terms of 
number of substations, the total annual cost curve will result. 
Because of the fact that some of the factors are increasing and 
some decreasing with an increase in the number of stations, a 
minimum point on the curve will be found which will denote the 
proper number of substations to install and, therefore, the dis- 
tance between stations, considered solely from the standpoint 
of the factors involved in the curve. 

Such a method as that outlined above appears rather involved, 
requiring as it does at least a tentative station location, design of 
equipment, and feeder-loss calculation for each group of stations 
considered. Since the capacity alone and not the detailed plan of 
the station changes with an increased number of stations, and as 
the feeder losses. in an interurban system will vary approximately 
in proportion to the length of the feeders, the number of calcula- 
tions necessary for such a curve is not great and, as the cost 
variations when thus graphically plotted are easily studied and 
compared, the solution is well worthy of serious consideration. 
Chapter XIII on the Distribution System will aid materially in 
the construction of these curves. 
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It will be noted that nothing was said regarding the variation 
of transmission-line costs and losses in the above discussion. 
While these factors may occasionally enter the problem for city 
stations with underground high-tension lines, yet for inter- 
urban installations the transmission line usually parallels the 
road for nearly the entire distance, often looping through each of 
the substations en route. With such construction, it will be seen, 
the transmission-line first cost and annual losses will not vary 
appreciably with substation location, especially since in long 
lines with relatively small power requirements the transmission- 
line wire is much larger than that required for any electrical con- 
siderations because of the mechanical strength needed. Even in 
high-tension underground systems the substations are usually 
tied together by such a network of primary feeders, for the sake 
of reliability of service, that the first cost and annual losses in 
the primary system may be considered practically independent 
of the number of stations, provided the total output does not 
change. 

Another important factor which should not be overlooked, 
especially when express and freight service is contemplated, is 
the question of combining the substation, waiting station, and 
freight or express depot into one building with a material saving 
in the item of substation attendance, since the substation opera- 
tor can often attend to the other duties of the passenger station 
as well. 

If the station is not operated throughout the 24 hours the ques- 
tion of living accommodations for station attendants must be given 
some attention, as the theoretical determination might locate 
the substations in localities where no attendants would be willing 
to live, even though the railway company provided living apart- 
ments in the substation building, as is often the case. With 
some of the shorter systems it is possible to connect the various 
sections of trolley and feeders through the substation switch- 
board to the 600-volt, direct-current supply of the power station 
and thereby enable the first car in the morning to run over the 
line before the substations are started. With such an arrange- 
ment the operators may live in the nearest town to the 
substation. 

Substation Design.—Assuming the most common type of sub- 
station, whose function it is to transform energy supplied by a 


SUBSTATION LOCATION AND DESIGN 135 


high-tension, alternating-current transmission line into direct cur- 
rent at approximately 600 volts, the principal factors entering 
into its design will be briefly discussed. 

With a knowledge of the load-demand curve and the efficiency 
of the distribution system and with the number and location of 
substations determined, the average and maximum loads on the 
substation may be found as outlined in Chap. XII. To decide 
upon the proper capacity of units to be installed, however, is 


Fia. 52.—Typical manually operated substation and crossing signal. (Union 
Switch and Signal Co.) 


largely a matter of good judgment. The duration of the peak 
load must be studied as well as its magnitude. It must also 
be known whether or not there is a possibility of greater loads at 
any time during the year and also what the growth in power 
demand is likely to be within the next few years. With these 
facts in mind it is well to provide for the average power by the 
installation of two or more units, usually leaving one unit as a 
relay in case of emergency. ‘This relay unit should ordinarily be 
as large as the other units in the station in order that it may take 
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the place of another machine in case of breakdown. Units of 
less than 200 kw. are seldom installed and if the average load is 
less than this value, the 200-kw. machines are usually run at light 
load rather than install smaller units. This procedure involves 
relatively large idle relay capacity as well, but the smallest units 
are usually less reliable and offer little reserve capacity or inertia 
in case of sudden overloads. 

In the problem taken for illustration in Chap. XII the average 
load is 69.3 kw., while the maximum demand is 655 kw. The 
low average value is due to the fact that during several rather 
long periods there is no car on the section and the unitis, therefore, 
running light. Further study of the curve will show that a load 
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of 130 kw. is maintained for an hour at a time, while peaks 
of 260 kw. exist for 15 min. A 200-kw. machine would supply 
the average load and these latter peak loads, but would not 
be of sufficient capacity for the peaks of 655 kw. caused by the 
simultaneous starting of two cars. A 300-kw. unit would, there- 
fore, be necessary for this station, as it could withstand the 
momentary overload of 100 percent. This case is a good example 
of the necessity of taking the overloads and their duration into 
account in such determinations. 

Synchronous Converter.—Most substations designed to sup- 
ply direct current to a distribution system when receiving alter- 
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nating-current power from a high-tension transmission line make 
use of the synchronous converter. This consists of a synchro- 
nous alternating-current motor and direct-current generator com- 
bined in a single unit with but one frame, one armature, and one 
field. It is really a direct-current generator with armature 
tapped to slip rings at symmetrical points, which rings are sup- 
plied with alternating current as in the synchronous motor. 

Without detailed analysis of the theory of the synchronous 
converter it will be seen that there is a fixed ratio between the. 
direct-current and alternating-current voltages for a given ma- 
chine. For converters operating upon systems of different phases 
the ratios are different, as indicated in Table XIV. The series 
winding on the field of the converter cannot be made to vary the 
direct-current voltage with load variations as is so conveniently 
done with the compound railway generator. It is necessary, 


Taste XIV.—Vo.utTace Ratios IN SYNCHRONOUS CONVERTERS 


No. of phases 
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therefore, to provide some means of varying the alternating- 
current voltage impressed upon the converter as the load varies. 
This is generally done by means of series reactance, a synchro- 
nous booster, or induction regulator. 

The use of series reactance for compounding a converter depends 
upon the fact that an overexcited synchronous converter or motor 
will draw a leading current. The increased current through the 
series-field winding of the converter with increased load merely 
changes the phase relation of alternating current to voltage but 
does not directly increase the voltage. If, now, inductive react- 
ance be introduced between the step-down transformers and the 
converter, the inductive drop in potential through this reactance 
may be neutralized at heavy loads by the leading current drawn 
by the converter, and the voltage impressed upon the converter 
may thus be maintained constant or actually raised. While 
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formerly these reactances were provided as separate units, it is 
now very common to introduce the reactance in the low-voltage 
winding of the transformer, thus economizing first cost and floor 
space. The voltage variation possible is limited to about 10 per 
cent in this method, but it has the advantage of being automatic. 

The synchronous booster, as its name implies, is an alternating- 
current generator of the same number of phases and poles as the 
converter whose armature is connected phase by phase in series 
with the converter windings. The booster is mechanically 
direct connected to the converter, in fact, it is usually mounted 
inside the bearings and slip rings upon the converter shaft, while 
the frame adjoins that of the larger machine. The voltage is 
varied overa large range by controlling the booster-field excitation. 
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Fia. 54.—Three-phase delta transformer connections. 


Induction regulators, which consist of automatically controlled, 
variable-ratio transformers, are often inserted between trans- 
formers and the converter in order that the alternating-current 
voltage may be varied, but this method is more common in 
substations supplying lighting and power loads than in railway 
installations. 

Of the foregoing methods of voltage variation, the series 
reactance is cheapest but most limited in its range, the induction 
regulator fills a medium ground with respect to expense, requires 
considerable extra floor space and more complex circuits, while 
the booster converter may be considered the most expensive of 
the three, although covering a greater range of voltage and taking 
practically no extra floor space. 
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Although, as previously stated, there is in the ordinary design 
of synchronous converter a fixed ratio between the voltages upon 
the two sides of the machine, a special design known as the split- 
pole converter is an exception to the above statement. By 
dividing each pole into two or three radial sections, each provided 
with separately controlled windings, it is possible so to vary the 
flux distribution in the air gap as to produce a variable voltage 
ratio. This variation is confined within rather narrow limits, 
however, and for this reason, and also because of the greatly 
increased expense and complexity of control, it has been used 
more for lighting and power substations than in railway 
distribution. 

Not to be confused with this, however, is the development of the 
commutating-pole or interpole converter. This design involves 
the use of an auxiliary pole halfway between main field poles 
with the winding of the former connected in series with the arma- 
ture. By properly proportioning the ampere turns on the inter- 
pole so as to neutralize as nearly as possible the cross-magnetizing 
effect of the armature at all loads, the conditions for sparkless 
commutation are greatly improved. As the commutation of the 
converter usually limits its rating, the commutating-pole con- 
verter has a very high rating for a given size of frame. The use 
of these poles has also permitted commutation at much higher 
voltages, thus opening the way for the installation of the high- 
voltage, direct-current, railway distribution systems discussed 
elsewhere. One objectionable feature of the commutating-pole 
converter is the large short-circuit currents which exist under the 
brushes during the operation of starting. This difficulty has been 
overcome by providing a mechanical means of lifting the brushes 
from the commutator when the machine is being started. 

Synchronous converters, because of the interaction of the direct 
and alternating currents in the armature, operate with higher 
efficiencies and less heating than either an alternating- or direct- 
current generator of the same size. The rating is, therefore, cor- 
respondingly higher when referred to a direct-current machine 
using the same frame as indicated in Table XV. 

The advantages of a six-phase over a three-phase converter are 
apparent from this table, and since it is possible to supply six- 
phase ‘power from a bank of transformers operating upon a three- 
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phase transmission line, a large number of six-phase converters 
are now being installed. 


TaBLE XV.—CoMPARATIVE RATINGS OF CoNVERTERS 


Single-phase Three-phase Two-phase Six-phase 
D. c. generator converter converter converter converter 
1.00 | 0.85 1.32 | 1.62 1.92 


In Fig. 53 will be found an efficiency curve for a 750-kw., three- 
phase synchronous converter from which it will be noted that, 
although the efficiency falls off with light loads as with all other 
electrical machines, it may be considered constant for all loads 
above 50 per cent of its rating. 


Fie. 55.—Three-phase “‘star’”’ or “ Y”’ transformer connections. 


Methods of Starting Converters.—Three distinct methods of 
starting synchronous converters are available. In many cases 
provision for starting from either direct-current or alternating- 
current sources is made. If the direct-current method of starting 
is adopted, a starting rheostat must be provided, which, in turn, 
will be controlled by a multipoint switch, usually mounted on the 
switchboard. This switch starts the converter from the 600- 
volt feeder system as an ordinary direct-current motor, gradually 
cutting out resistance until the motor comes up to speed, when the 
main direct-current switch may be closed. The speed may then 
be varied by changing the field excitation until the alternating- 
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current side is synchronized, by means of the synchroscope or 
synchronizing lamps, as in the synchronous motor or alternator. 

With the variable-voltage, alternating-current method of start- 
ing, low-voltage taps are taken from the bank of transformers to 


Fie. 56.—Three-phase ‘“‘V”’ or ‘‘open delta’’ transformer connections. 


a double-throw switch usually located on a separate panel near 
the converter. When the switch is thrown down a low voltage, 
usually about one-third rated voltage, is impressed on the arma- 
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Fia. 57.—Six-phase ‘‘star” or ““Y”’ transformer connections. 


ture of the converter and the machine starts as an induction 
motor. As the converter approaches full speed the armature is 
supplied with full voltage by throwing the starting switch into 
the “up” position. 
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This method requires a rather large starting current at low 
power factor but it eliminates the necessity of synchronizing. 
It is necessary to open the shunt-field winding of the converter 
in several places in order that the excessive voltage otherwise 
induced in the many turns of the field by the large circulating 
currents in the armature may not puncture the field winding. 

If the auxiliary-induction-motor method be used, a small 
induction motor, sufficiently large to start the converter with no 
load and bring it to slightly above synchronous speed, is mounted 
on the end of the converter shaft. This motor is usually operated 
by means of a three-pole starting switch on the switchboard 
which is supplied with power from auxiliary transformer connec- 


fe — 44 ¥,——=I 


Fie. 58.—Six-phase “diametrical’’ transformer connections. 


tions. As the converter reaches its proper speed it is synchron- 
ized with the transmission line as in the first case. The starting 
motor is then cut out of circuit. 

Transformers.\—Since the supply voltage necessary for a 
converter bears a fixed ratio to the direct-current voltage, step- 
down transformers are usually necessary. The secondary volt- 
ages of the latter will depend upon the method of connection 
adopted for the converter. The connections available between 
the transformers and the converter are indicated in Figs. 54 to 
60 inclusive. In all these figures a voltage of 600 has been 
assumed for the direct-current side of the converter. The volt- 
ages necessary between taps on the converter armature and 
those of the transformer coils are indicated in the figures. 

1See also Chap. XVI. 
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F The posary coils may be connected in either ‘““Y” or 

delta, ’ the latter having the advantage of continuous operation 
with 86 per cent of rated capacity per transformer as the 
so-called ‘‘V” or “open delta,’’ in case of trouble with one trans- 
former of the bank, without change of connections. As it is 


Fig. 59.—Six-phase ring transformer connections. 
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Fic. 60.—Six-phase double-delta transformer connections. 


often found desirable to raise the transmission-line voltage at 
some later date, this may be very conveniently done by changing 
from “delta” to “Y” if the former connection is installed at 
first.. This change is possible since the line voltage with the 
“YY”? connection bears the ratio of 1.73 to the transformer coil 
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voltage, while in the “delta” the coil and line voltages are 
identical. 

In this country preference has been shown for single-phase 
transformers combined into banks, usually of three each, in place 
of three-phase transformers, largely because of the increased 


Fig. 61.—Self-cooled oil-insulated transformers of the radiator type with 
respirator tanks. (General Electric Company.) 


flexibility of the system with smaller units and the avoidance of 
crippling the transformers of all phases in case of damage to a 
single unit. The rating of each transformer will, therefore, be 
determined as follows: 


Converter kilowatts 
3 X converter efficiency 


Transformer kilowatts = 


(89) 
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A bank of three transformers, each of the foregoing rating, should 
be installed for each converter or motor generator usually with 
switches in both high- and low-tension connections. 
Transformers may be further classified with regard to their 
method of cooling as follows: 
1. Self-cooled, oil-insulated. 
2. Air-cooled. 


3. Water-cooled. 


Fic. 62.—Inertaire transformer showing deoxidizing device mounted on side of 
tanks. (Westinghouse Elec. & Mfg. Co.) 


Transformers of the oil-cooled class depend for their cooling 
upon‘ the natural circulation of a comparatively large body of 
oil within the transformer case or through radiators projecting 
from the case. The latter offer a greater cooling surface to the 


146 ELECTRIC RAILWAY ENGINEERING 


oil from which the heat is radiated to the air. This construction 
is suitable for transformers of all potentials within a wide range of 
capacities, particularly in the outdoor type. 

In order that explosive gases, oil sludges, and other objection- 
able products resulting from contact between the transformer 
oil and the oxygen of the air may be avoided, various “respirator” 
tanks and ‘‘Inertaire” transformers have been supplied, particu- 
larly in the larger sizes. Provision is made for dehydrating and 
deoxidizing the air which is drawn into the transformer case 
during the so-called “breathing” process which results from 


Fia, 63.—Typical 7,500 kw. 13,000/600 volt substation. 


temperature changes. These two recent developments, which 
have very greatly increased the available sizes of transformers of 
the oil-cooled type during the last few years, are well illustrated 
in Figs. 61 and 62. 

Air-cooled transformers (Fig. 63) are cooled by means of an 
air blast provided by a motor-driven blower and forced through 
the air ducts of the transformer core. This method of cooling 
requires the construction of air ducts in the floor, usually of con- 
crete, and involves the additional cost of blower outfits. It is 
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suitable for all capacities, but is limited to potentials of 33,000 
volts or less. 

Transformers of the third class contain a series of pipe coils 
within the case, the insulating oil circulating around the coils 
while the latter are cooled by means of circulating water within. 
This type of transformer is used for most of the largest installa- 
tions and is not limited as to capacity or voltage. 

Motor Generator vs. Converter.—A motor-generator set may 
be installed in place of a synchronous converter. The motor 
may, of course, be of either the induction or the synchronous type 
mounted upon the same shaft with a direct-current generator. 
The advantages and the disadvantages of the two types of 
apparatus for converting from alternating to direct current are 
as follows: 

In the motor generator the ratio between alternating-current 
and direct-current voltage is not fixed. For transmission voltages 
not exceeding 13,000 this set may, therefore, be operated without 
step-down transformers if the motor be wound for transmission- 
line voltage. 

The direct-current voltage may be readily controlled by means 
of the generator field rheostat without affecting the alternating- 
current voltage or power factor. 

The direct-current generator may be automatically com- 
pounded or overcompounded without auxiliary apparatus. 
The converter requires an external reactance in addition to the 
series field. 

The motor generator is not as sensitive to commutation 
troubles, especially upon sudden overloads, as the converter. 

“Hunting,” or the periodic variations in speed on either side 
of an average value, with the usual accompaniments of poor 
commutation and “arcing over,” are less marked in the syn- 
chronous motor-generator set because of its greater inertia, while 
they are entirely absent in the induction motor set. 

The power factor of the synchronous motor-generator set is 
controlled quite as easily as with the converter. The induction 
motor set, of course, has the disadvantage of low uncontrollable 
power factor. 

On the other hand, the converter has a higher efficiency. 

Its rating for a given size of frame is much higher. 

The floor area taken up is considerably less. 
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Its cost is less for a given capacity, although, where the adop- 
tion of the motor generator enables the transformers to be 
eliminated, the first cost of the converter with transformers is 
about the same as that of the motor generator alone. 

Switchboard.—The typical substation switchboard consists of 
the following classes of panels: 


1. High-tension line. 

. High-tension transformer. 

. Alternating-current converter or motor generator. 
. Direct-current converter or motor generator. 
Totalizing. 

Direct-current feeder. 
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The number of panels in each class is dependent upon the size of 
station and the number of converters it contains, but all panels 
of each class are usually grouped by themselves. 

The two classes of high-tension panels are usually of the remote- 
control type. This is universally the case above 13,000 volts. 
With this construction the high-tension switches are mounted in 
fireproof compartments of concrete, tile, or brick and may, there- 
fore, be located at some distance from the control board. No 
high-tension lines are connected with the control board, the 
switches being operated by means of auxiliary 125-volt, direct- 
current circuits and the meters connected with the secondary 
windings of current and potential transformers whose primary 
windings are in the high-tension circuits. Red and green lights 
on the switchboard panels indicate whether the main- switches 
are closed or open, respectively. 

The high-tension line switches control the connections between 
high-tension lines and the station bus bars, while each bank of 
transformers is connected to the high-tension buses by means of 
the switches controlled by the panels of the second group. These 
latter switches and often both groups of switches are provided 
with inverse time-limit relays which act as circuit breakers in case 
of overload, with the further provision that they may be adjusted 
to operate only after the overload has continued for a prearranged 
interval. ‘The “inverse” type of relay is, in addition, so designed 
that the greater the overload the shorter will be the time in 
which it will open. With the transformer relays set for a very 
short interval, the high-tension line switches arranged so as to 


eg Te eee 


SUBSTATION LOCATION AND DESIGN 149 


open a fraction of a second later if the overload still continues, 
and with the relays in the outgoing high-tension feeders at the 
power house adjusted for an interval of 1 or 2 sec., it will be 
seen that only those switches connecting apparatus or lines 
upon which there is trouble will be opened and the interference 
with other service reduced to a minimum. 

The meters to be installed on the first two groups of panels 
often vary widely with the personal preference of the engineer 
in charge, an average equipment probably consisting of an 
ammeter in each phase, a power-factor meter, and a voltmeter on 
a swinging bracket at the end of the board. 

The panels of group 3 contain all equipment necessary for 
the control of the alternating-current side of the converter or 
motor generator, as the case may be, and usually include a low- 
voltage, secondary, alternating-current switch for connecting 
converter to transformers, motor field rheostat in case of a 
synchronous motor-generator set, starting switch if starting 
motor be used, together with synchronizing and voltmeter 
plugs. The instruments usually consist of three ammeters 
and a power-factor meter. A field ammeter is added for large 
synchronous machines. 

The direct-current panels perform the office of connecting the 
direct-current or output side of the converter or motor generator 
to the direct-current bus bars. For this function three single- 
pole switches are usually employed, one positive, one negative, 
and an equalizer switch. The negative and equalizer switches 
are often located on a pedestal or on the frame of the converter, 
thereby simplifying the switchboard connections. The field 
rheostat control of the converter or of the generator of the motor 
generator set is located on this panel together with a circuit 
breaker, a direct-current potential receptacle, and a starting 
switch in case it is planned to start the machine from the direct- 
current side. The meters are usually confined to a main ammeter 
and indicating wattmeter with a direct-current voltmeter on a 
swinging bracket. In large installations a field ammeter is 
often included on this panel. 

The totalizing panel contains instruments only and these are 
so connected as to measure the total output of the station 
between the direct-current converter panels and the outgoing 
feeders. An ammeter or indicating wattmeter and an integrat- 
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ing wattmeter are usually installed. This panel is often entirely 
omitted and the latter instrument mounted on the sub-base of 
one of the other panels. 

The outgoing feeder panels may be designed to control one 
or two feeders each. Single-pole (positive) switches and circuit 
breakers in series with ammeters make up the usual equipment 
for each feeder. 

The entire board is usually of the standard size 90 in. in height, 
including a 28-in. sub-base with panels varying in width from 
16 to 36 in. Blue Vermont marble forms the principal material 
of construction for high voltages, although low voltage and 


Fic. 64.—Substation equipment of 1,500 volt, 300 kw., Chicago, Milwaukee and 
St. Paul Railroad. 


remote-control boards are built of slate. The board should 
be spaced at least 4 ft. from the wall and the wiring at the back 
should be generously lighted. Where gallery boards of the 
remote-control type are installed from which the operator may 
view all the machines under his control, the ‘desk type” of 
board has been quite frequently specified. 

Figure 63 represents a typical General Electric six-phase syn- 
chronous converter substation with remote-control switches 
and air-cooled, single-phase transformers. The high-voltage oil 
switches are seen at the extreme left, while the low-voltage 
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alternating-current starting switches are placed upon small 
panels in front of the transformers. 

Storage-battery Auxiliary——While the storage battery is 
looked upon by many engineers and managers as an evil to be 
avoided, it certainly has its important place in the substation 
equipment of many roads. Its possible function is threefold, 
although it is often installed for the purpose of meeting but one 
of the following requirements: 
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Fia. 65.—Synchronous converter railway substation. (General Electric Co.) 


1. To aid in maintaining constant potential. 

2. To supply all peak loads above a certain predetermined 
average. 

3. To assume-the entire load of the substation for a short 
period of time. 

When the second and third functions listed above are assumed 
by the battery, its capacity must be greatly increased, yet in 
many instances batteries of sufficient capacity to fill these three 
requisites are maintained in practically all substations of the 
road. 
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As the maintenance and the depreciation of a battery are 
relatively high, the local problem must be carefully studied before 
a decision can be reached. Such a study should balance the fixed 
charges of the battery and accompanying control equipment 
combined with its maintenance against the fixed charges of the 
relay equipment and the extra line copper that would otherwise 
have to be installed, plus the rather intangible factors of irregular 
schedule due to variable voltage and total interruption to service. 
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Fia. 66.—Substation with underground entrance. 


As an example of the use of a battery in a substation of a large 
urban railway system the Plymouth Court station of the 
Chicago Surface Lines may be cited. Two synchronous con- 
verters of 1,200-kw. capacity each are supplemented by a 
battery having a capacity of 8,610 amp. for 18 min., or 4,080 
amp. for 1hr. It is housed on the two upper floors of the station 
over the converters. It is regulated by a motor booster of 3,000- 
amp. capacity at 70 volts. A most interesting feature of this 
installation is an electric recording hydrometer which records at a 
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distant point the specific gravity of the electrolyte of each cell, 
from which an idea of the condition of the battery may be 
obtained. Whereas the battery might not pay for itself on the 
basis of increased load factor produced by the reduction of the 
peak load on the converters, yet when it is remembered that 
power is purchased in this case at a figure dependent upon the 
peak load supplied, the battery is of great value in smoothing 
out the load curve. 

Arrangement of Apparatus.—There is little variation in the 
arrangement of apparatus in a railway substation except in the 
extreme cases where it is necessary to locate the equipment on 
two floors. The high-tension apparatus is usually confined to a 
separate room and is often located in fireproof vaults. The 
converters, reactances, and switchboard are usually located very 
close together in a single room with the wiring either in conduit 
embedded in the floor or of the open type supported from 
insulator racks on the basement ceiling. The principal features 
which tend materially to alter the design of a substation are the 
overhead or underground entrances of high-tension and direct- 
current feeder cables. Typical stations involving each type of 
construction are illustrated in Figs. 65 and 66. 

Wiring.—The wiring of the station is usually figured from the 
standpoint of carrying capacity only, as the potential drop for 
the short distances involved is generally negligible. The resist- 
ances of the direct-current cables between converter and switch- 
board should, however, be carefully proportioned in order to 
divide the load properly between two or more machines operating 
in parallel. The low-tension wiring and the high-tension cables 
up to 13,000 volts are usually insulated with rubber, paper, or 
varnished cambric and are protected either with braid or a lead 
sheath. A simplified wiring diagram for a typical substation 
will be found in Figs. 65 and 67. Wiring above 13,000 volts, 
and often that at lower voltage, is carried on line-type insulators 
with no further insulation, these lines often being run in individ- 
ual concrete or brick compartments with convenient chambers 
provided for sectionalizing or disconnecting switches and instru- 
ment transformers. 

Lightning Protection—The incoming high-tension lines and 
the outgoing railway feeders are each provided, just within the 
wall of the station, with a helix of wire of the same size as the 
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line wire which acts as a “‘choke coil” to divert high-frequency 
surges to the lightning arresters connected between the coils and 
the outside lines. 
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Fie. 68—Section of electrolytic lightning arrester. (Westinghouse Elec. & Mfg. 
Co.) 


Arresters for use upon circuits of 2,200 volts and less are usually 
of the multigap type. Where serious consideration must be 
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given to first cost this type may be extended to as high as 
33,000-volt circuits. 

The mutligap arrester, as its name implies, consists of a series 
of very small spark gaps formed by placing knurled cylinders of 
non-arcing metal near one another. A sufficient number of such 


Fig. 69.—Installation of electrolytic lightning arrester. (Westinghouse Elec. & 
Mfg. Co.) 


gaps are placed in series to prevent the line voltage arcing across. 
Another set of gaps, shunted with graphite resistance rods, is 
also included in the series. High-frequency surges will tend to 
arc over all the gaps in order to reach ground, whereas the gen- 
erator current which follows will usually be diverted sufficiently 
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through the resistance to cause the arcs over the shunted gaps 
and finally those on the series gaps to be quenched. 

The electrolytic lightning arrester, although expensive, is now 
universally recognized as the best protection from lightning for 
high-voltage circuits. It consists of a series of aluminum trays 
separated slightly from one another by a space filled with an 
hydroxide solution. A thin film of aluminum hydroxide is 
formed on the plates which will offer a high resistance up to 
approximately 400 volts per tray. When this voltage is exceeded, 
a current is readily conducted through the various elements 
from line to ground. The group of trays is mounted in a steel 
tank filled with transformer oil for insulating and cooling purposes, 
as indicated in Fig. 68. 

Since such a series of metal plates separated by a dielectric will 
act as a condenser on an alternating-current system, thereby 
drawing a rather objectionable charging current from the line, 
one or more horn gaps are usually introduced to break the circuit. 
These are adjusted to arc at critical voltages and relieve any 
abnormal potential which may exist on the line. 

The disadvantages of this type of arrester, aside from its high 
first cost previously mentioned, are the regular charging necessary 
to maintain the insulating film on the aluminum trays and the 
tendency to freeze in exposed installations. 

A still more recent arrester which is particularly adapted for 
exposed conditions takes the form of a condenser bushing. It 
consists essentially of a number of metal cups in series with a 
resistance mounted upon an insulating bushing, which, in turn, is 
supported upon a metal rod. Porcelain bushings insulate one 
cup from another. The upper cup of the series is connected 
to the line and the supporting metal rod is grounded. This 
apparatus may be considered, therefore, as a series of condensers 
between line and ground, while each is in itself a shunted con- 
denser with respect to the ground. The breakdown of the upper 
condenser, due to abnormal potential, exerts excessive voltages 
upon the remainder of the series and the complete discharge takes 
place. The principle of operation is not unlike that of the elec- 
trolytic arrester, except that the insulating film is permanent. 
It has the disadvantage of not being self-healing in case the insu- 
lation is punctured. 
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The oxide film lightning arrester which is a more expensive but 
very effective piece of apparatus which has been developed 
recently, consists essentially of a number of cells connected in 
series with an air gap between line and ground. The cells are 
held together under slight pressure and are arranged in sections 
or stacks according to the voltage and kind of circuit. The 
complete installation for a three-phase line is shown in Fig. 70. - 

The cells are disk-shaped, made of two circular brass plates, 
crimped firmly to the edges of an annular piece of porcelain. 


Fig. 70.—Oxide film lightning arrester. (General Electric Co.) 


Lead peroxide powder, which has a very low resistance, com- 
pletely fills the space between the metal plates. The inner 
surfaces of these plates are covered with an insulating varnish - 
film. A sufficient number of cells are used in series to provide a 
voltage of approximately 300 volts per cell. 

When a lightning discharge takes place over the air gap its 
high voltage is impressed upon the cells and the insulating coat- 
ing of the plates is broken down, thereby allowing the discharge 
current to flow through the cells to ground, thus relieving the 


SUBSTATION LOCATION AND DESIGN 159 


lightning pressure. This flow of current through the cells immedi- 
iately causes a chemical change in the lead peroxide at the point 
of puncture. Red lead and litharge result which offer a very 
high resistance which is automatically introduced into the dis- 
charge path. This cuts off the generator current which would 
otherwise follow the lightning discharge and the ares across the 
series air gaps are extinguished. This operation may be repeated 
at any future time when the voltage becomes excessive. 

With subsequent discharges through the cells, the insulating 
film becomes thickened resulting in a corresponding higher break- 
down voltage of the arrester. Tests and service records indicate 
that the life is a matter of many years, however, varying with 
service conditions. 

Another important recent development in lightning protection 
is the autovalve arrester. This arrester consists of a stack of 
flat circular discs of material of comparatively high resistivity, 
separated by thin, insulating washers and connected through a 
series gap between line and ground. At normal voltage with no 
series gap a small leakage current would flow. 

At voltages above a critical value, slightly in excess of line 
voltage, the short gaps between the discs break down. The 
resistivity of the discs does not permit the concentration of current 
in any small area but keeps the current flow between the discs in 
the form of a glow discharge, thus preventing excessive local 
heating. When the voltage falls to the critical value, the cur- 
rent becomes zero, and no dynamic current flows. As in the case 
of the electrolytic arrester, the critical voltage is proportioned to 
the line voltage by the use of the proper number of elements in 
series. ‘The desired resistance of the structure is secured by the 
use of restricted disc area, holding the resistivity at the value 
necessary to keep the discharge distributed. 

This arrester has given a very good record for one of moderate 
cost throughout the short period of its service. 

Portable Substations—On many roads traffic demands 
become excessive upon certain days or weeks of the year on differ- 
ent sections of the line. A means of meeting this local and 
temporary demand for power has been found in the “portable 
substation” (Figs. 71 and 72), which usually consists of a box car 
with a converter, transformers, switchboard, etc., complete and 
ready for connection to the high-tension lines at any point on the 
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system and capable of operating in parallel with the permanent 
station on any desired trolley section. Such a portable station 
has proved a means not only of providing good service under 
extreme conditions, but has protected the regular equipment 
from damage due to serious overload as well. 
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Fia. 71.—Portable substation. 


Steel cars are now invariably used for such stations and are 
recommended in all cases. The important factors in the design 
of a portable substation are as follows: 

1. It should be fireproof throughout. 

2. The size of the car should be limited to the clearance dimen- 
sions of the local road and the steam roads which the car will 
traverse to its destination. 
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3. The car design should be in accordance with the Interstate 
Commerce Commission’s rules and Master Car Builders’ 
standards. 

4. Good ventilation is essential for both the apparatus and the 
operator. 

5. All apparatus should be securely anchored to the car floor 
and framing so that is will not shift or topple over unless it should 
meet with a destructive accident. 

6. Converter and motor-generator sets should be arranged 
for leveling the shaft when the car is standing on a grade or uneven 
track. 
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Fic. 72.—Side view of a portable substation. 


7. All doors, windows, hatches, etc., should be made effectively 
tight against all kinds of weather conditions. 

High-voltage, Direct-current Substations.—Within the last 
few years the high-voltage, direct-current railway system has 
been developed and many interurban roads are now operating 
on from 1,200 to 3,000 volts. This increase of voltage decreases 
the first cost of installation, as it reduces the number of sub- 
stations necessary as well as the amount of distribution copper 
required. A more detailed comparison of its cost and advantages 
will be found in a later chapter. 
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The substation design for such a system is not materially 
different from that outlined above, except in the case of the con- 
verting equipment. Two standard 600-, 1,200,- or 1,500-volt 
machines, connected in series, are usually installed for this 
service, the negative terminal of one unit being connected to the 
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Fie. 73.—Wiring diagram of high voltage direct current substation. 
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rail while the positive lead from the second machine is carride 
to the switchboard bus bars and thence through feeder panels 
to the feeders and trolley. The wiring diagram for such a 
station will be found in Fig. 73. It should be noted that in this 
installation no transformers are used, although the synchronous 
motor of the motor-generator set operates at 13,200 volts. 
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Automatic Substations.—During the last five years a great 
deal of attention has been devoted to the automatic substation, 
particularly for interurban, surburban, and lightly loaded urban 
systems. The He veigomicné and the experimental stage may now 
be said to have been satisfactorily passed, in so far as the depend- 
able operation of automatic equipment is concerned. Further 
developments, resulting from experience with many automatic 
substations in operation at the present time, will probably be in 
the direction of simplification and reduction in number of protec- 
tive devices. 

The economic advantages, particularly in reduced operating 
expenses, are already apparent. The possibility of installing 
more such stations without additional operating expense for 
labor also provides better voltage regulation at lower cost and less 
potential difficulty from electrolysis. 

Although several more years of service must be experienced 
before a correct appraisal of the depreciation and long-term 
maintenance and replacement costs can be made, the indications 
all point to a rapid and economical adoption of this type of sub- 
station upon a large number of electric railroads. 

Savings through automatic operation may be classified as 
follows: 

1. Savings in wages of attendants. 

2. Savings in conversion and distribution losses because of 
more advantageous location of substations. 

3. Mitigation of electrolysis due to the greater number of 
feeding points which may be economically employed. 

4. More uniform and higher trolley voltages may be main- 
tained, making possible increased schedule speeds, thus permit- 
ting either more frequent service with increased revenue, or a 
reduction in the number of cars required for a given schedule, 
with a resulting decrease in the platform expense. Within 
certain limits the higher voltage will result in reduced power 
consumption for-a given schedule. 

5. Higher voltages will permit more coasting. 

6. Prompt restoration of service after an interruption to the 
power supply, simply by energizing the transmission lines. 

7. Elimination of shutdowns due to the strikes of the operators. 

The automatic substation, in simple language, consists of a 
synchronous converter, a bank of transformers, and three or more 
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switchboard panels on which are mounted electrically operated 
switches, relays, and instruments. When the trolley voltage 
falls below a predetermined value the converter starts up, without 
human aid, reaches synchronism, and assumes its share of the 
total load on the line. If the load reaches a point dangerous to 
the converter the latter immediately shuts itself down and the line 
switches are all opened. If a converter bearing should overheat, 
the relay operates and shuts the converter down. If the load 
on the line decreases to a point where the converter is not required, 


Fie. 74.—High-voltage synchronous motor-generator substation, Chicago, Mil- 
waukee & St. Paul, 3,000 volt, direct-current electrification. 


the converter automatically comes to rest. This cycle of start- 
ing and stopping will be repeated just as often as the line condi- 
tions make it necessary, it being possible to start up, close all 
switches, and stop the converter in a minimum time of 35 sec. 

Substations, for the most part, function through the agency 
of some form of remote control. They are started automatically 
by means of a voltage relay, which closes its contacts at some 
predetermined value of the trolley voltage. The following 
scheme is used by the Westinghouse Electric & Manufactur- 
ing Co. for starting automatic substations. Circuits permit the 
control of transformers, automatically energized from the trans- 
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mission line, in such a way as to close the main oil circuit breaker, 
the normal field switch, and the alternating-current starting 
switch. Synchronism and polarity are indicated by a polarized 
motor relay, which, in the case of reversed polarity, causes the 
polarity of the machine to be corrected by field reversal accom- 
plished by normal and reverse field switches which open and close 
automatically. The control of the field switches consists of a 
small direct-current magnet switch driven in a counterclockwise 
direction by the polarized motor. The field of the polarized 
motor relay is fixed by means of a permanent magnet, while the 
polarity of the relay armature becomes that of the machine, 
because during starting, it is directly connected across the direct- 
current terminals of the converter. It is thus obvious that the 
relay armature will not rotate until the machine has pulled into 
step, since prior to synchronism it is receiving alternating current 
of a diminishing frequency, the value of which becomes zero at 
the instant the converter armature reaches synchronous speed. 
In the General Electric Company’s automatic substation sys- 
tem a motor-driven drum controller supplied with energy from 
a permanently energized transformer, is provided in order 
properly to time and fix the sequence of operation. The polarity 
of the machine is definitely and instantly fixed by means of a 
small exciter direct connected to the control transformer. The 
converter is cushioned to the line through load limiting resist- 
ances. ‘These resistances are also used for overload protection. 
A motor mechanism is provided to raise and lower the brushes 
on interpole converters, as required. The brushes are lowered 
through interlocks closing in proper sequence, before the direct- 
current switches close. This latter operation connects the 
machine to load through current-limiting resistances. These 
are then shunted in sequence by switches closed by the function- 
ing of current-limiting relays. The machine remains in opera- 
tion until cut out of service by the light-load control. 
Single-phase, -Alternating-current Substations.—In systems 
where single-phase alternating current is supplied to the car in 
place of direct current there is, of course, no demand for the 
conversion of alternating current to direct current in the sub- 
station. On long lines, however, substations are still necessary 
to reduce the potential of the transmission line to that suitable 
for the trolley, the latter voltage usually being 6,600 or 13,000 
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volts. Such substations, involving only transformers, lightning 
protection, and switches, require no attendants and are therefore, 
very small and simple in design as compared with the stations 
previously considered. Automatic oil switches are usually 
installed in both primary and secondary circuits of the step-down 
transformers, although in this case the time element of the auto- 
matic relay is adjusted for a greater time interval than those at 
the power station in order that the latter switches will open first 
in case of trouble. This method, which is just the reverse of that 
in converter substations, is adopted to avoid frequent trips to the 
substation to close switches. 

Outdoor Substations.—The successful operation of small out- 
door substations for lighting service has encouraged larger 


Taste XVI.\—Estimatep Costs oF SUBSTATIONS 


Indoor Outdoor 

Building eat eee oe eee $21,835 $7,480 
Switchboard = racer eet. tetany ace 20,000 20,200 
Transtornilersis)-cun tec Oe anys eae 15,000 16,000 
Motor generator sets...........+.. 48,000 48,000 
Exerters’. Sais. 3. cut ees eres 4,500 4,500 
$109,335 $96, 180 


1A. 1, E. E., Vol. XXVIII (Randall). 


and higher voltage designs, especially in single-phase systems in 
which no converting apparatus is necessary. Even in the latter 
cases the high-tension bus bars, lightning arresters, and trans- 
formers may be installed outside the station, while the low vol- 
tage apparatus requiring supervision is placed under cover. The 
advantages of such construction are lower first cost, less space and 
building capacity, and less life and property hazard. Contrasted 
with these must be considered the greater difficulty of inspecting 
and repairing apparatus located out of doors and the greater danger 
of its being molested by trespassers. 

Transformers and remote-controlled oil switches or circuit 
breakers must be specially designed and constructed to keep out 
all moisture and even the effects of condensation of moist air 
within their cases. Self-cooled, oil-insulated transformers may 
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be operated with greater loads when located outdoors in most 
climates, especially if shaded from the sun in hot summer weather. 
When water cooled, care must be taken to avoid freezing of the 
circulating water in winter at light loads, although the oil itself 
will usually be sufficiently protected by the heat generated by 
the core losses alone. 

With reference to first cost, the following estimate will indicate 
the gain to be experienced in a3,000-kw. 600-volt, motor-generator 
station supplied from a 22,000-volt transmission line when the 


, 


YC Ss 
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Fig. 75.—Single-phase outdoor substation. 


high-tension equipment is placed outside the building. While 
such a station shows a gain of but 12 per cent, a similar change 
on a substation requiring no converting machinery may be accom- 
panied by a saving as high as 30 per cent. 

In Fig. 75 will be found a halftone of one of the outdoor 
substations of the New York, New Haven & Hartford R. R. 
which represents probably the largest railway outdoor sub- 
station yet installed. The 2,000-kw., 22,000/ 11,000-volt single- 
phase, water-cooled transformer with weatherproof insulating 
bushings is seen at the extreme left, while the oil circuit breakers 
and electrolytic lightning arresters provided with weatherproof 
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Cost per Kw. of Installed Capacity, dollars 


400 400 800 1000 1200 400 {600 1800 2000 
Size of Units , kw. 


Fie. 76.—Costs of substations for electric railways. 
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Annual Charges 
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Number of Substations 


Fie. 77.—Relation of number of substations to annual charges for interurban 
line. 
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tanks are indicated in the central and right-hand portions of the 
figure, respectively. | 

Substation Costs.—The installation of automatic equipment 
on existing systems requires careful study. In general, it is not 
advisable merely to augment the manual installation with auto- 
matic features. The grade of service must first be considered. 
Then the cost of power, the cost of feeders, the investments in 
apparatus and real estate must be computed, and the interest 
charges must be allocated. Finally, the saving in operating 
charges must be reckoned. 

Saving Affected by Automatic Equipment.—A comparison 
of the expense of purchasing and operating three 1,500-kw., 
250-volt synchronous converters, manually operated, in a single 
station with the same capacity installed in three single-unit 
automatic stations follows: 

The manually operated, three-unit station would require booster 
converters. The automatic single-unit station could use the 
less expensive field-controlled type. The three automatic sta- 
tions complete would cost about $20,000 more than the single, 
manually operated substation. The manual station would 
require three shifts of two operators each. The average annual 
wage may be taken at $1,500, which gives an annual operating 
charge of $9,000 for the manual station. The automatic stations 
would have a combined operating expense of $750 per year for 
maintenance and inspection. To this is added 15 per cent invest- 
ment charge on the additional cost of the automatic equipment. 
The equivalent operating charge of the automatic station thus is 
$3,750 per year. This is a saving of $5,250 per year in favor of 
the automatic station. Thus the automatic equipment shows a 
margin of over 25 per cent, or $5,250 per year on a $20,000 invest- 
ment. To this must be added cost of feeder copper, losses, and 
real estate.! 

The curves in Fig. 77 show the results of calculations on a 
typical interurban railway system. They are based on the data 
contained in the paper by H. F. Parshall presented to the (Brit- 
ish) Institute of Civil Engineers (Vol. 199), and on the present- 
day (1921) prices of copper and electrical machinery and labor. 


1 From Report of the American Committee on Electrolysis. 


CHAPTER XV 
TRANSMISSION SYSTEM 


The necessity for greatly detailed calculations in designing 
high-tension transmission lines for railway systems is often exag- 
gerated. The fact that the careful predetermination of all 
characteristics of such a transmission line is unnecessary, when 
compared with the careful study required in connection with a 
line for the transmission of power for lighting or even for the 
very high-voltage, long-distance transmission of energy in large 
quantities from hydroelectric plants, will be made clear by the 
following outline of conditions generally pertaining to the railway 
system. 

In the first place the close regulation of voltage is both unnec- 
essary and impossible. The sudden variations of power 
demanded by cars, especially upon an interurban system, must 
inevitably mean-variable voltage, and with such voltage variation 
on the distribution system there is little need of the closest 
possible regulation on the transmission line. 

Nor is the service impaired by such voltage variations as would 
be suicidal to the lighting substation. The motorman or pas- 
sengers upon an interurban car will hardly notice a 10 per cent 
voltage variation, while sudden variations of 2 or 3 per cent are ° 
to be avoided, if possible, with incandescent lighting, particu- 
larly as the intensity of light varies throughout a greater range 
than the voltage. The lighting of interurban cars is, of course, 
greatly impaired by poor voltage regulation and this is one of 
the features that is receiving a great deal of just criticism from 
the traveling public. Its remedy, however, lies in making the 
lighting independent of trolley voltage and not by attempting to 
regulate the latter more closely. 

The regulation of transmission lines is greatly affected by low 
power factor. The addition of induction motors or are lighting 
systems which operate at low power factors to long-distance 
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transmission lines involves very careful design and costly regu- 
lating apparatus if lighting loads are to be successfully supplied 
by the same line. In many such instances synchronous motors 
are installed, often without direct financial return to the company, 
in order that the power factor may be properly controlled. Such 
control is present in the railway substation in either the synchro- 
nous motor-generator set or converter, and with little practice the 
substation attendant can maintain very nearly unity power factor 
on the transmission line and thereby aid its regulation to a great 
extent. 

Many of the limiting factors in high-tension line design, such 
as the pin type of insulator, corona losses, troubles involved by 
wide spacing and long spans, etc., are introduced only when the 
voltage becomes higher and the amounts of power become much 
greater than those involved in the major part of the interurban 
transmission. In fact, a census of transmission lines for railway 
purposes only would probably reveal the fact that an extremely 
small percentage of these lines are above 33,000 volts. At this 
voltage two parallel, three-phase circuits on pin-type insulators 
and wooden poles, carrying, in addition, the distribution feeders 
and trolley brackets, represent common practice. Such a line in 
the Middle West has for years been satisfactorily operating an 
interurban system 110 miles in length at 33,000 volts. In such 
design simple electrical and mechanical considerations are alone 
involved. 

For the above reasons, therefore, and because of the very able 
treatises in complete volumes devoted to the details of this sub- 
ject, an exhaustive study of transmission-line design will not be 
attempted in these pages. 

The three-phase system of alternating-current transmission 
has been standardized almost exclusively for railway work. This 
is principally because polyphase apparatus is necessary for sub- 
station units in large sizes and, in addition, because the three- 
phase system requires but three-fourths the copper of the single 
phase installation. Other polyphase systems, although more 
economical in copper in some instances, have not found favor, 
largely because of the complication introduced by the greater 
number of wires. While six-phase substation apparatus was 
shown, in the preceding chapter to be highly desirable, the possi- 
bility of its operation from a three-phase line has introduced no 
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serious consideration of six-phase transmission. For these rea- 
sons, therefore, three-phase transmission only will be herein 
considered. 

A summary, prepared by the Electrical World, of technical data 
of all transmission lines of 44,000 volts and above constructed 
prior to Jan. 1, 1925, indicates the following average practice:! 


Each utility has designed and installed high-tension lines to meet, 
local operating and economic conditions, and there is no such thing as 
standard practice in high-tension transmission. 

Conductors for transmission systems are made of several different 
materials, with copper, aluminium, and A.S.C.R. predominating. 
Stranded, solid and specially fabricated conductors are used on lines at 
the several voltages listed. 

The majority of transmission lines in this country operate as 
grounded systems without ground resistance. Several recent installa- 
tions use a low-resistance ground; one system has operated for years with 
a ground resistance of 1,000 ohms, and many systems operate without 
any ground. 

Standards in sags, clearances, spans, and stringing tensions are not 
evident in existing systems, and great differences exist in practice. 

Ground wires are used on the majority of exisiting systems, but the 
trend in more recent installations is toward the omission of the ground 
wire. 

Arrestors of several types are used on existing systems in the majority 
of installations, but many lines are in operation at 60 kv. and above 
which are not equipped with arrestors. 

The trend in all sections of the country is toward higher voltages, but 
an examination of recent installations shows that a very great range of 
voltages is used; for example, 44, 45, 60, 66, 88, 100, 110) 132, 166, and 
220 kv. It would seem good practice, in view of future developments 
in interconnection, to omit several of these voltages from the list for 
future installations. 

There exists little agreement in transmission-line design and installa- 
tion in this country even in a geographic section, and work to bring closer 
agreement on many items would seem advisable. 


Mechanical Strength.—Since calculations of the proper size 
of wire for transmission lines, based on Kelvin’s law, voltage 
regulation, and carrying capacity, in most cases result in a wire 
too small to withstand the mechanical stresses incurred by 


1See Electrical World, Jan. 3, 1925. 
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ordinary line construction and weather conditions, the mechani- 
cal strength of the line may well be considered first and the size 
of wire checked in accordance with the electrical considerations 
later. No wires smaller than No. 4 B. & 8. hard-drawn copper 
or its equivalent in tensile strength should be used, for mechanical 
reasons. If aluminum be used, it should be pees that for 
the same size aluminum ene about 30 per cent and has a resist- 
ance of 1.67 times that of hard-drawn copper. Aluminum costs 
considerably less than copper for the same conductivity and melts 
at a much lower temperature. It also has a greater coefficient 
of expansion, causing greater variation in sag with change of 
temperature. It is difficult to solder and has a tensile strength of 
approximately one-third that of copper, although witha steel core 
this difficulty is overcome. In spite of its disadvantages alumi- 
num is used to a considerable extent for line construction, largely 
because of its low cost and light weight. Joints are made me- 
chanically by overlapping the ends in an oval sleeve and twisting 
the sleeve and wire ends together without solder. On account of 
its large diameter for a given conductivity, the total wind pressure 
on a line is greater, and because of its low melting point it is more 
likely to melt apart than is copper, in the event of an arc forming 
between wires. ; 

The question whether one or two parallel, three-phase lines 
shall be intalled, one for the purpose of acting as a relay for 
the other in case of breakdown, is an open one and is generally 
decided by the personal preference of the engineer in charge. If 
a single line only be installed, it is usually mechanically stronger 
and, therefore, better able to withstand abnormal strains. In 
this case the wires are spaced at the vertices of an equilateral tri- 
angle with one wire on the pole top and the two lower wires on a 
single cross-arm. If two circuits are employed, two arms are 
used and one circuit is installed on either side of the pole. Such 
_ construction permits repairs to be made on one of the lines with 
the other in operation when the voltage does not exceed 33,000 
volts. 

No particular specifications need be made for the poles, which 
are also used for the trolley span wires, feeders, and probably 
signal and telephone circuits as well, except that they must be 
sufficiently high to give sufficient clearance to the high- tension 
wires during the period of maximum sag and that they be at least 
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7 in. in diameter at the top. The forces acting on the poles due 
to the presence of the high-tension line are: 

Vertical downward force, due to weight of conductors with 
possible ice sheath and vertical component of wire tension. 

Bending moment, due to angle in line or with one or more wires 
broken. 

Bending moment, due to wind pressure on pole and ice-sheathed 
wires. 

Although these forces may be readily calculated by means of 
the fundamental laws of mechanics, it is safe to assume that 
there is a sufficient factor of safety with a properly constructed 
pole line sufficiently heavy for the trolley and feeder installation, 
since the latter acts as a longitudinal anchor guy in case of a 
broken high-tension wire, and also since the possible strains on 
the high-tension line are generally small as compared with those 
incurred by the feeder and trolley construction.* 

Electrical Considerations.—Considering the large number of 
railway high-tension lines using No. 4 B. & 8. wire, and remem- 
bering that this should be a minimum for mechanical reasons, it 
will probably save time in calculation to assume this size at the 
start. A convenient spacing for wires not exceeding 33,000 volts 
is 36 in. With these dimensions in mind it will be remembered 
that in determining the regulation of an alternating-current line 
the impedance must be considered in place of the resistance 
which is used in direct-current calculations. Impedance may be 
considered as the resultant of the resistance and the reactance 
of the line combined at right angles. In other words, 


Z = NR? +X? (90) 


where Z= impedance of line in ohms. 
R= resistance of line in ohms. 
X = reactance of line in ohms. 


The reactance X of a transmission line is partly due to induct- 
ance L, which, in turn, is dependent upon the cutting by the wire 
of lines of force set up by the current in the wire, and the capacity 
C, which is the effect due to the wires acting as the plates 
of condensers with the air as a dielectric medium between. 


1 Standards of the A. E. R. A., N. E. L. A., and the National Bureau of 
Standards Safety Code should be consulted for mechanical specifications. 
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Since the formulas for these quantities given below show that the 
capacity is decreased and the inductance increased as the wires 
are moved apart and also as the size of wire is decreased, these 
two functions of reactance will be seen to be opposed to one 
another, one neutralizing the other to some extent. Since the 
capacity effect is relatively small, especially on the average 
short line of the interurban railway operating at moderate 
voltage, it will be neglected in the first determination of regu- 
lation and the error introduced by such a procedure pointed out 
later. 

As the theoretical proof of the formulas for line inductance and 
capacity is beyond the scope of this book, and as their methods 
of derivation are included in most theoretical treatises on electri- 
cal engineering, they are listed below without proof. 


¢ = 207761 os 
2 log. 10 
7: 
d 
L = 0.000322 (2.303 logio(<) + 0.25)1, (92) 


where L= self-inductance per wire in henries. 
d= distance between wire centers in inches. 
r= radius of wire in inches. 
C= capacity between one wire and neutral point in 
microfarads. 
l= lenth of circuit in miles. 


Considering only the resistance and inductive reactance of the 
line at present, the latter may be found from the equation 


X,, = 20fL, (93) 


where X,= reactance due to inductance in ohms. 
f= frequency in cyles per second. 
L= inductance from Eq. (92) in henries. 


Tables giving such of the inductive reactance values and 
resistances as will be needed in railway transmission-line calcula- 
tions are to be found on the following pages. 
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Tapte XVIL.—Inpuctive REacTANcE OF SINGLE WIRE IN Ons ‘PER Mie! 


Spacing inches 25 cycles 


Size wire 
24 
350,000 em. 1235 
300,000 .238 
250,000 .242 
4/0 B. & S 248 
3/0 1254 
2/0 .259 
0 .265 
af 201 
2 200 
3 .283 
4 .289 
6 .300 


36 


255 
258 
.263 
.268 
274 
280 
286 
292 
297 
.303 
.309 
.o21 


48 


.270 
273 
278 
283 
.289 
.294 
-300 
.306 
-312 
.o18 
324 
.300 


60 


.280 
.285 
.289 
294 
.300 
.306 
311 
318 
.323 
-329 
330 
347 


72 


.290 
.294 
.298 
-303 
.309 
315 
21 
327 
332 
338 
344 
306 


84 


96 


108 


120 


EEE 


.298 
.301 
305 
.310 
317 
323 
329 
334 
.340 
.345 
352 
.063 


.304 
-308 
313 
318 
324 
329 
.335 
341 
347 
.352 
-359 
.310 


.310 
314 
319 
3825 
.330 
335 
341 
347 
393 
.309 
.365 
376 


315 
.320 
324 
329 
-339 
341 
347 
352 
.358 
.364 
370 
381 


327 
.330 
.330 
.340 
-346 
302 
398 
.364 
.370 
375 
381 
.393 


TasBLe XVIII.—ReEsistaNcE or CoprpER AND ALUMINUM AT 70°F.! 


Size wire 


500,000 em. 
450,000 
400,000 


Ohms per mile 


Copper Aluminum 
0.109 0.176 
0.121 0.196 
0.137 0.221 
0.156 0.252 
0.182 0.294 
0.219 0.353 
0.258 0.417 
0.326 0.526 
0.411 0.664 
0.518 0.837 
0.653 1.055 
0.824 1.330 
1.039 1.678 
1.309 2.116 
2.082 3.309 


———— 


1 “Standard Handbook,”’ sec. 11, p. 40. 


Since the power factor at the substation may be maintained 
at approximately 100 per cent by control of the field of the 
synchronous converter or motor generator, such a power factor 


Th hla hl Badia paid 


Pee 


66 Lehus 
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may be safely assumed in line calculation. In fact, it would not 
introduce a serious error to neglect reactance of the line entirely 
and solve the problem as if for a direct-current system, since even 
the effect of line reactance may be overcome by careful regulation 
of the substation apparatus as explained on page 171. 

Voltage Determination.—The voltage and the current per wire 
must now be determined. They are principally dependent upon 
the substation input and distance of transmission. 

In deciding upon the proper voltage for the transmission line 
as well as in selecting electrical equipment it is necessary to take 
into consideration the standards established by the manufacturers. 
Primary substation voltages have been standardized as follows: 
11, 19.1, 33, 66, 110, 120, 132, 166, and 220 kv. The two lower 
potentials are most often used with delta connections, while 
voltages of 33 and 66 kv. are usually obtained with star- 
connected transformers. It should be noted that the three lower 
voltages bear the ratio of 1/3 to one another, thus permitting the 
next higher standard voltage to be obtained by changing connec- 
tions of transformers from delta to star. For a rough selection 
of the voltage to be first used for calculation, 1,000 volts per mile 
of transmission are often used. As local conditions enter into 
the problem to a marked degree, and since it is almost impossible 
to express intelligently in equation form all the factors entering 
into the selection of the proper voltage from the standpoint of 
regulation, first cost, and economical operation, it seems advis- 
able to select two of the nearest standard voltages by the above 
rule and compare the resulting calculated data of the two cases 
before finally determining upon the best operating voltage. 

Regulation.—The transmission-line calculations are usually 
based upon the combined substation inputs supplied by a single 
line at full rated load, although, if the number of substations be 
large, it may be found from a study of their load curves that their 
maximum loads do not occur simultaneously and that the total 
demand on the transmission line may be considerably below 
the summation of the substation ratings. The rated output of the 
substation transformers was found in Chap. XIV (Eq. 89). The 
input to the station may be obtained from the above by dividing 
the output of all transformers by the transformer efficiency, which 
may be safely assumed for large transformers at full load as 98 


per cent. 
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The current per wire on the transmission line is, therefore, 
Kw X 1,000 
ee ) 
a /3E cos ¢ & 
where Jw= current per wire in amperes. 
Kw= substation input in kilowatts. 
E = voltage between wires at substation. 
cos ¢= power factor of load at substation. 
For this calculation cos ¢ is taken as unity, as explained above. 
The impedance of the transmission line may now be found 
from Eq. (90) if values of reactance and resistance from Tables 
XVII and XVIII for No. 4 B. & S. wires spaced 36 in. apart be 
substituted. The voltage drop on the line is 
e=T1,yZ. (95) 
These relations, including the generator voltage H,, are shown 
in Fig. 78, from which the value of ZH, may be derived. 


Fia. 78.—Vector diagram for transmission line regulation unity power factor. 


By = N(B. + Iw)? + (IX), (96) 
where HE, represents substation voltage between wire and neu- 


tral z 

Tal, Or ~ j= 

poy aay 
/ 
lw Xa 

E,Cos ¢ 
Fra. 79.—Vector diagram for transmission line regulation lagging power factor. 
: ‘E,—E 
Regulation = a at (97) 
8 


If less than unity lagging power factor be assumed, as in 
an induction motor-generator set for example, other conditions 
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remaining the same, a larger current Jy’ would have resulted 
from Eq. (94) and the voltage diagram would appear as in Fig. 
79, the resulting generator voltage being 


E’, = NE, cos ¢ + I'wR)? + (E, sin 6 + I'yX,). (98) 


As before, the percentage regulation may be obtained from the 
equation 


E,’ — E, 
Sa ie 

If the regulation from either Eq. (97) or (99) is unreasonably 
high, a suitable value, say 10 per cent, may be substituted back 
into the equation and corresponding values of E, or E’, found, 
from which the correct value of R may be calculated by means 
of Eq. (96) or (98) and the proper size of wire obtained from the 
wire table. 

As a concrete illustration of these two approximate methods of 
obtaining regulation, assume the following conditions: 


Substation input = 1,500 kw. 
Power factor = 100 per cent. 
Length of line = 50 miles. 


Regulation = 


Using No. 4 wire and a substation voltage of 33 kv., there results: 


R = 1.309 X 50 = 65.4 ohms. 
X, =0.31 X 50 = 15.5 ohms. 


EH, per oes RAUL == 19, Lky. 


Via 

Z = ~/ (65.4)? + (15.5)? = 67 ohms. 
pisa 1,500,000 
33,000 /3 
E, = V/ (19,100 + 26.2 X 65.4)? + (26.2 x 15.5)? = 20,820. (96) 
Regulation = Se = 9 per cent. (97) 
Now suppose the power factor to be lowered to 85 per cent 
by low field excitation of synchronous apparatus or the operation 

of an induction motor-generator set. 

jhe ce 1,500,000 

” ~ 33,0000/3 X 0.85 
E’, = 9,100 X 0.85 + 30.9 X 65.4)? + (19,100 X 0.527 + 
30.9 X 15.5)? = 20,900 (98) 


= 26.2 amp. 


=30.9 amp. (94) 
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20,900 = 19,100 a 
Regulation = 19,100 5 9.43 per cent. (99) 


Both the regulation for 85 per cent power factor and unity 
power factor are sufficiently small for railway service and the con- 
ditions of size of wire, voltage, spacing, etc. may be tentatively 
decided upon and checked further with regard to Kelvin’s law, 
carrying capacity, etc., as explained under Distribution System. 

Capacity Effect.—Since, however, the capacity has been entirely 
neglected in the above calculations, the error introduced by such 
omission should at least be pointed out. 

As previously explained, the line wires act as plates of a con- 
denser and thus draw a leading “charging” current from the 
power house, just as an infinite number of small condensers would 
do if connected in parallel across the line wires throughout their 
entire length. As such a uniform distribution of capacity 
involves a constantly changing charging current, power factor, and 
voltage throughout the entire length of the line, which condition 
can be represented only by a rather involved mathematical 
equation, it has been shown by Steinmetz! that this capacity 
effect may be represented sufficiently accurately by locating one- 
sixth of the total capacity at either end and two-thirds in the 
middle of the line. In fact, little error is introduced if the entire 
capacity is considered in parallel with the line at either the 
generator or recéiver end. Adopting the latter assumption, the 
equations below show-the method of derivation of the values in 
. Table XVII and the calculation of charging current for any 
assumed length of line, voltage, and wire spacing. 

The values of charging current in Table XIX which are depend- 
ent upon a voltage between the line wires and the neutral point 
of 100 ky. for a single mile of line at 25 cycles frequency and a 
given spacing are obtained by substitution in Eq. (91). 

For example, assuming the conditions of the transmission 
problem above, 


Ce ae = 0.0959 anf. (92) 
21080 (6 192) 
between 1 mile of No. 4 wire and neutral with 36-in. spacing 
2rfCHE 
Ve = 106 . (100) 


1 SreminMeTzZ, Dr. C. P., “Alternating Current Phenomena,”’ 


oye as a 
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If J-= charging current in amperes per mile at 100 kv., 
f= frequency in cycles per second, 
C= capacity in microfarads per mile, 
E= 100,000 volts, 


Qn X 25 X 0.0153 X 1 
I, = EA OM SX 100,000 = 0.230 amp. (100) 


Taste XIX.—CuHarGingc CuRRENT oF SINGLE WIRE IN AMPERES PER 
Mite per 100 Ky., 25 Cycurs 


Spacing in inches 


Size wire 

stranded 
24 36 48 | 60 | 72 84 96 | 108 120 | 150 
350,000 cm. -329| .300] .283] .270} .261| .254) .248) .243/ .239] .230 
300,000 -323] .295] .278] .267] .258] .250) .245] .240) .236| .227 
250,000 -316) .290| .274! .262] .253] .246) .241] .236) .232) .224 
Solid 4/0 B. & S.| .301] .278) .262] .253] .243) .239) .232] .228) .224] .210 
3/0 -295} .272] .257},.245] .239) .234| .228] .224) .220) .212 
2/0 .287| .265] .251) .242) .232) .228) .224) .220) .217| .209 
0 .279) .261} .246) .237) .229) .225} .220) .217| .212) .206 
1 .275| .251| .242) .229) .223] .220) .217) .212) .209} .203 
2 -268} .250} .237| .226| .221) .217| .212) .209] .206) .199 
3 -264| .246} .229] .225] .217| .212| .209) .206| .203) .196 
4 .255| .239} .226) .220] .214| .209) .206] .203] .200) .193 
6 .245| .231| .220] .212| .204| .201) .198) .195} .191| .189 


This value will be found in Table XIX opposite No. 4 wire 
with 36-in. spacing. 

The charging current for any other voltage E’ between wire 
and neutral and for any other length of line J is, of course, 
QrfCE’l 


i 
ihe 100,000 X 10” ae 


or 
Table value X 1 X EH’ 
= 102 
a 100,000 es 
Again, considering the concrete illustrative problem at unity 


power factor, the charging current for the line is 

Te 0.239 x 50 < 19,100 
ssa 100,000 

It will be seen, therefore, that the charging current with this 

particular load and design of line is quite an appreciable per- 

centage (8.7 per cent) of the full-load unity-power-factor current. 


= 2.28 amp. (102) 
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The charging current might be decreased somewhat by separating 
the wires. As this current is independent of load, its percentage 
will decrease, of course, as the load increases. 

In refiguring the regulation, this time taking the charging cur- 
rent into account, it must be remembered that this current leads 
the voltage at the substation EZ, by 90 deg. The vector dia- 
gram of voltages is, therefore, represented by Fig. 80 where the 
direction of the charging-current vector, and, therefore, of the 
vector of resistance drop due to charging current IR, is vertical 
and the reactance drop due to charging current I. Xz horizontal, 
since E, is horizontal. The generator voltage H’’g may be seen 
from the geometry of the diagram to be 


EE", = V(Es + lyk — Tex + I7X1 + I.R)?; (103) 


Fig. 80.—Vector diagram for transmission line regulation with charging current. 


which is obviously less than EZ, (Eq. (96)), since the charging 
current tends to neutralize the effect of line inductive reactance, 
thereby reducing the regulation to the value 
Bt a 

er 


Substituting the numerical data of the above problem, 


E”, = ~/(19,100 + 26.2 X 65.4 — 2.28 x 15.5)? + (26.2 X 
15.5 + 2.28 X 65.4)? = 20.76 kv. (103) 
20,760 — 19,100 
19,100 


Regulation = (104) 


Regulation = = 8.7 per cent. (104) 

A similar diagram might be drawn and the regulation calcu- 
lated showing the effect of charging current with low initial 
lagging power factor by adding the triangle of charging-current 
fall of potential to the diagram (Fig. 79) with the vector I,R 
leading FH, by 90 deg. 
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Comparing the regulation found by taking charging current 
into account (Eq. (104)) with that which neglected that particular 
effect (Eq. 97), the error will be seen to be 


9 — 8.7 
8.7 


which may safely be neglected in most railway work, especially as 
the approximate method gives the highest and, therefore, the 
most conservative estimate of the regulation. 

It is believed that the above considerations, together with 
some of the suggestions regarding high-tension line protection 
and wiring considered in Chap. XIV, cover the more important 
factors involved in the design of high-tension lines for railway 
service. For further details of construction and for theoretical 
consideration of the limiting factors which enter into exception- 
ally high-voltage installations, reference should be made to the 
many complete works on these subjects. 

Estimates of construction costs on both distribution and trans- 
mission systems have been purposely omitted, since the cost of 
copper is the dominating factor in these portions of the railway 
system and such cost is so variable a quantity that estimates or 
costs of previous installations have to be used with great caution 
when applying them to proposed systems. 


Error = = 3.5 per cent, 


CHAPTER XVI 
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The electric power station, designed and constructed solely for 
the purpose of generating electrical energy for railroad use, is a 
thing of the past. The advantages of low cost, greater continuity 
of service, and high load factor, resulting from the supply of several 
classes of electrical energy from large centralized power stations 
are now recognized to be so great that the consideration of sources 
of contracted energy must necessarily take the place of Power 
Station Location and Design. 

The majority of electric railway power demands, particularly 
those of city street railways, electrified city terminals of steam 
railroads, heavy surburban passenger service, and power-regener- 
ating systems on trunk lines, are especially suitable types of load 
to superimpose upon large efficient central stations having light- 
ing and industrial power characteristics. 'The reasons for this 
were outlined in.Chap. XII. 

As the result of the recognition of these advantages and the 
greater generating economy of the larger and more favorably 
located power stations, the purchase of electrical energy by the 
railroads from central-station corporations operating greatly 
enlarged generating stations or interconnected superpower 
systems must take the place of the smaller isolated power stations. 

Although types of electric rate schedules are almost as num- 
erous as the central-station corporations themselves, yet the 
fundamental principles upon which the charges for wholesale 
lots of electrical energy are based have been well established, so 
that power contracts differ only with respect to details of more or 
less local interest. One such contract, in which have been care- 
fully considered the most important phases of the legal, economic, 
and engineering requirements associated with the purchase of 
electrical energy for electrified surburban and terminal service 
from one of the largest and most efficient central station networks 
in the country, is, therefore, quoted in full. 
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Exectric Smervick AGREEMENT BETWEEN CoMMONWEALTH 
Epison Company aNnp Iuurnois CENTRAL RAILROAD 
Company, Oct. 1, 1924 


AGREEMENT, Made this first day of October, A. D. 1924, by and 
between Commonwealth Edison Company, a corporation 
organized under the laws of the State of Illinois (hereinafter 
commonly referred to as the ‘Edison Company’’), and 
Illinois Central Railroad Company, likewise a corporation 
organized under the laws of the State of Illinois (hereinafter 
commonly referred to as the “Railroad Company”’), 


WITNESSETH: 


WHEREAS, the Railroad Company, in compliance with the Preamble. 
provisions of an ordinance of the City of Chicago, Illinois, 


Fig. 81.—Interior Lakeside Station, T.M.E.R. & L. Co. 


passed July 21, 1919, effective February 20, 1920, is now 
engaged in the electrification of portions of its railway system 
situated within its Chicago Terminal District (as hereinafter in 
Article X defined) in and in the vicinity of the City of Chicago, 
Illinois, and has found it advisable to take from the Edison 
Company during the term hereof, and during any extension or 
extensions of such term under the provisions hereof, electrical 
energy to the extent and in the manner hereinafter in this 
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agreement provided, and the Edison Company desires to furnish 
such electrical energy to the Railroad Company; 

Now, THEREFORE, in consideration of the premises and of 
One Dollar ($1) and other valuable considerations each to 
the other in hand paid, the receipt of which is hereby mutually 
acknowledged, and in consideration of the mutual covenants 
and conditions hereinafter set forth and the benefits expected 
to result herefrom, the parties hereto do hereby agree with each 
other as follows: 

Articie I 


TERM OF CONTRACT 


Section 1. For and during the term of ten (10) years, 
commencing on January 1, 1927, or on such earlier or later 
date (but not later than January 1, 1928) as may be desig- 
nated by the Railroad Company, in compliance with the pro- 
visions of said ordinance and in accordance with the provisions 
of this section, as the date of the commencement of the term, 
and for and during any extension or extensions of said term 


‘under the provisions hereof, the Edison Company shall supply 


and at all times stand ready to supply all the electrical energy 
which the Railroad Company shall require from the Edison 
Company in the Chicago Terminal District of the Railroad 
Company under and in accordance with and subject to the 
terms and provisions hereinafter set forth. In case the Rail- 
road Company shall desire to have the term commence on a 
date prior to January 1, 1927, it shall give to the Edison Com- 
pany not less than twelve (12) months’ written notice of the 
date upon which it desires the term to commence. In case the 
Railroad Company shall desire to have the term commence 
on a date subsequent to January 1, 1927, it shall give to the 
Edison Company, not later than January 1, 1926, written 
notice that the Railroad Company does not desire that the 
term shall commence on January 1, 1927, and shall thereafter 
and prior to January 1, 1927, give to the Edison Company not 
less than twelve (12) months’ written notice of the date (not 
later than January 1, 1928) upon which it desires the term to 
commence. If on the day specified in any such notice as the 
date of the commencement of the term the Railroad Company 
shall not be ready to commence complete, or substantially com- 
plete, operation hereunder, it shall pay to the Edison Company 
for each month during which it shall not be so ready an amount 
of money equivalent to one-half (14) of one per cent (1%) of 
the cost of the unused portion of substation buildings, mach- 
inery, apparatus, transmission lines and other equipment there- 
tofore installed by the Edison Company for the purposes of the 
operation contemplated to be commenced on the said day 
specified and necessary therefor. Such electrical energy (herein- 


A 
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after commonly referred to as ‘‘energy’’) shall bein the form of 
direct current and alternating current as hereinafter in Section 
1 of Article IV provided, and shall be used by the Railroad 
Company only in connection with the operation, construction 
and maintenance of its railway system and appurtenances 
within its Chicago Terminal District as hereinafter in Article 
X provided. 

Section 2. The Railroad Company shall have the privilege 
of extending the original term hereof for a period of five (5) 
years by giving to the Edison Company, not later than one year 
prior to the expiration of the original term, written notice of its 
election to make such extension. If such extension be made 
the Railroad Company shall have the right to three (3) further 
extensions for periods of five (5) years each by giving to the 
Edison Company in each case, not later than one year prior 
to the date of the expiration of the then current five (5) year 
period, written notice of its election to make such extension; 
provided, however, that if any such extension shall run later than 
May 31, 1947, the term hereof shall nevertheless terminate on 
that date unless prior to that date the ordinance of the City of 
Chicago under which the Edison Company is now operating 
shall have been extended, or a new ordinance obtained, or 
legislation enacted, authorizing the Edison Company to con- 
tinue to operate in at least as ample or broad manner as at the 
time of the execution hereof. Unless otherwise indicated by the 
context the word “term” as used in this contract shall include 
not only the original term of the contract but also any and 
every period of extension effected by election of the Railroad 
Company under the provisions of this section; and during any 
extension of the term all of the obligations of each of the parties 
hereto shall continue and remain in force. 

Section 3. The period of time commencing at the date of 
this contract and extending to the first day of the term deter- 
mined in the manner provided in Section 1 of this Article 
will hereinafter in this contract be referred to as the ‘ Pre- 
liminary Period” of the contract. 


Articite II 
DEMAND 


Section 1. As soon as practicable after the end of each 
calendar month in the term the Railroad Company’s maxi- 
mum demand in kilowatts for such month shall be ascertained 
as hereinafter stated in this section. The Edison Company 
shall select from such month the three (3) hours (one to be 
taken from each of three (3) different days) in which the 
aggregate output of energy supplied hereunder by the Edison 
Company shall be greater than the aggregate output of energy 
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supplied hereunder by the Edison Company in any other three 
(3) hours in such month (one to be taken from each of three (3) 
different days), and one-third (14) of the aggregate number of 
kilowatt hours drawn and consumed by the Railroad Company 
during the three (3) hours selected as aforesaid from such 
month shall be deemed and considered as the number of kilo- 
watts constituting the Railroad Company’s maximum demand 
of energy supplied hereunder during such month; provided, 
however, that in ascertaining the maximum demand hereunder 
for any month the Edison Company shall not select any hour or 
hours of abnormal demand (as defined below), except as herein- 
after in this section specified, but provided, further, that if in any 
month every hour shall be an hour of abnormal demand the 
maximum demand for such month shall be the number of 
kilowatts constituting the maximum demand for the last pre- 
ceding month in which the maximum demand was ascertained 
in the manner hereinabove in this section stated. 

The term ‘‘maximum demand,” as used in this contract, 
shall be considered to mean the maximum demand of the 
Company hereunder, ascertained and determined in Railroad 
the manner aforesaid. The term “hour,” as used in this 
contract, shall be considered to mean the sixty (60) minute 
period between any two (2) consecutive even clock hours, as 
for example: between one o’clock and two o’clock. The term 
“abnormal period,’”’ as used. in this contract, shall be con- 
sidered to mean any interval of time during which there shall be 
abnormally heavy railroad traffic or abnormally low temper- 
ature or other abnormally severe weather conditions. The 
term ‘‘abnormally heavy railroad traffic,’ as used in this con- 
tract, shall be considered to mean traffic caused by failure of 
other transportation line or lines to furnish its or their normal 
service, traffic arising from extraordinary assemblages, such as 
fairs, race meets, ball games, conventions, and the like; con- 
gestion of traffic arising from a railroad accident, derangement 
of power supply or other emergency condition or other excessive 
traffic beyond that usually carried by the Railroad Company 
and due to some unusual circumstance or condition; provided, 
however, that, in the event that such ‘‘abnormally heavy rail- 
road traffic,” due to failure of other transportation lines to 
furnish their normal service or due to extraordinary assem- 
blages, shall continue beyond ten (10) consecutive days in any 
month, the Edison Company in ascertaining the maximum 
demand for such month may select, in accordance with the 
provisions of the first paragraph of this section, any hour or 
hours (whether of abnormal demand or not, provided such 
abnormal demand is due to said last mentioned two causes) 
occurring in such months after such ten (10) days, but any 
monthly maximum demand resulting from the selection of 


PSO Te. ee Se 


: 
re see ee! 


Dob hh St! hoi. 4. he 


SOURCES OF ELECTRICAL ENERGY 


any hour or hours of abnormal demand shall not be used in deter- 
mining the load factor for such month under the provisions 
of Section 4 of Article III, nor in determining the primary 
charge for any subsequent month under the provisions 
of Section 1 of Article III. The term “abnormally low tem- 
perature,”’ as used in this contract, shall be considered to mean 
a temperature of five degrees (5°) Fahrenheit, above zero, Or 
any lower temperature, as officially determined and recorded 
by the United States Weather Bureau at Chicago. But it is 
agreed that no period shall be considered as abnormal because 
of “abnormally heavy railroad traffic”? unless notice of such 
abnormally heavy traffic shall be given by the Railroad Com- 
pany, as required under the provisions of Section 1 of Article 
XII hereof. The term “hour of abnormal demand,” as used 
_in this contract, shall be considered to mean an hour during 
all or some part of which an abnormal period exists. 

It is agreed that if the total usable surplus generating, 
transmitting and converting capacity of the Edison Company 
shall at any time be insufficient or unavailable to enable it to 
supply to the Railroad Company a portion of the excess energy 
in an abnormal period, due to abnormally heavy railroad 
traffic, as in this section provided, the Railroad Company 
shall, upon notice by telephone, or otherwise, from the Edison 
Company, refrain or immediately cease from drawing and 
consuming such portion of the excess energy until notified by 
the Edison Company that surplus generating, transmitting 
and converting capacity is available for supplying such por- 
tion of the excess energy; but in such éase if the Edison Com- 
pany shall have surplus capacity which is then unavailable it 
shall make such capacity available as promptly as possible. 
Nothing in this paragraph contained shall be construed as 
allowing or permitting the Edison Company to discriminate 
in any way against the Railroad Company in supplying the 
necessary energy hereunder. 

Section 2. During the term hereof, the Edison Company 
shall be able and ready to supply and shall supply to the 
Railroad Company, as required by it, and the Railroad Com- 
pany shall take, in accordance with the provisions hereof, all 
the electrical energy which the Railroad Company shall require 
in such of its operations within its Chicago Terminal District 
as are required to be electrically performed, from time to time, 
by the said ordinancé of the City of Chicago, Illinois, effective 
February 20, 1920; and, in consideration of the foregoing, the 
Edison Company further agrees that it will supply to the 
Railroad Company, as required, such additional or further 
electrical energy as the Railroad Company may from time to 
time desire it to furnish during said term in any other of its 
operations within said Chicago Terminal District, or in the 
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operations of any other company or companies within the a 
visions of Article X hereof; provided, that twelve (12) months 
notice in writing shall be given to the Edison.Company of any 
such additional supply of electrical energy desired by the 
Railroad Company in accordance with the provisions of 
Sections 4 and 5 of Article IV. The Edison Company shall 
furnish all such electrical energy and the Railroad Company 
shall pay therefor on the basis and at the rates in this contract 
provided. 
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Fig. 82.—Sectional elevation, turbine room, Lakeside Station, T.M.E.R. & L. Co. 


Supply of 

energy dur- 
Ing prelimi- 
nary period. 


Section 3. The Edison Company shall also supply to the 
Railroad Company during the Preliminary Period of the 
contract all such alternating current energy at the points 
specified in Section 2 of Article IV hereof for delivery of alter- 
nating current energy as the Railroad Company may from time 
to time desire to draw and use hereunder (such energy in any 
case to be supplied as promptly as possible) and also all such 
direct current energy as the Railroad Company may from time 
to time desire to draw and use hereunder if and so far as the 
Edison Company shall have such direct current energy avail- 
able. Such energy shall be measured as to kilowatt hours con- 
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sumed in like manner as other energy supplied during the term 
of this contract is metered. For all energy so supplied during 
the Preliminary Period the Railroad Company shall pay at the 
total rate of one and six-tenths cents (1.6c) per kilowatt hour. 


ArtTIcLE III 
RATES 


Section 1. For each calendar month of the term of this 
contract the Railroad Company shall pay to the Edison 
Company (subject, however, to reductions, if any, under the 
provisions of Article VI) a primary charge per kilowatt, 
reckoned upon the maximum demand hereunder (ascertained 
in accordance with the provisions of, and as defined in, Sec- 
tion 1 of Article II) for such month, or upon an amount of 
energy equal to seventy per centum (70%) of the highest one 
of the several maximum demands (so ascertained and defined) 
established for the last preceding twelve (12) months, which- 
ever is greater, such primary charge to be in accordance with 
the following schedule: 


ScHEDULE OF PRIMARY CHARGES 


$1.85 per month per kilowatt up to and including 
kilowatts; 

$1.70 per month per kilowatt for the excess over 5,000 
kilowatts and up to and including 10,000 kilowatts; 

$1.60 per month per kilowatt for the excess over 10,000 
kilowatts and up to and including 15,000 kilowatts; 

$1.50 per month per kilowatt for the excess over 15,000 
kilowatts. 

Srction 2. In addition to the primary charge to be paid 
by the Railroad Company for each month as aforesaid the 
Railroad Company shall also pay to the Edison Company a 
secondary charge for each month based upon the number of 
kilowatt hours drawn and used by the Railroad Company 
under this contract during such month, which secondary charge, 
except as otherwise provided in Section 3 of this Article, shall 
be in accordance with the following schedule: 


5,000 


ScHEDULE OF SECONDARY CHARGES 


6.5 mills per kilowatt hour for consumption in such 
month up to and including 5,000,000 kilowatt hours; 

6.45 mills per kilowatt hour for the excess over 5,000,000 
kilowatt hours and up to and including 7,500 000 
kilowatt hours; 

6.4+ mills per kilowatt hour for the excess over 7,500,000 


kilowatt hours. 
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Section 3. It is understood that the schedule of secondary 
charges established by Section 2 of this Article is based in 
part on the cost of coal used by the Edison Company in gen- 
erating electrical energy at its several generating stations 
at the time of the execution of this contract, and it is the 
intent of the parties hereto that the secondary charges for 
energy supplied hereunder by the Edison Company to the 
Railroad Company shall vary from time to time with the vari- 
ation in the cost to the Edison Company and the heat content 
of coal used by it in generating such electrical energy. The 
fuel consumed by the Edison Company during the three years 
next preceding the date of this contract consisted of coal 
taken from mines in Illinois, Indiana, and Kentucky, having 
a weighted average heating value of ten thousand five hundred 
(10,500) B. T. U. per pound. The secondary charges provided 
for in Section 2 of this Article are based upon a cost to the 
Edison Company of Four Dollars ($4.00) per ton of coal of ten 
thousand five hundred (10,500) B. T. U. per pound and shall 


be subject to an increase or decrease per kilowatt hour, depend-_ 


ing upon the average cost and heating value of the coal used 
from month to month by the Edison Company in the production 
of energy 

For any month in which the average cost of coal during the 
last preceding twelve (12) months shall have been more or 
less than Four Dollars ($4.00), or in which the average heat 
units per pound of coal used by the Edison Company during 
the last preceding twelve (12) months shall have been more 
than.11,000 B. T. U. or less than 10,000 B. T. U. per pound, 
or in which both of the above described conditions shall have 
existed, the secondary charge for such month shall be deter- 
mined in accordance with the following formulae: 
Cost < 10,500 


heat units 2.5 = mills per kilowatt hour for consump- 


tion in such month up to and inelud- 
ing 5,000,000 kilowatt hours. 

+ 2.45 = mills per kilowatt hour for the 
excess over 5,000,000 kilowatt hours 
and up to and including 7,500,000 
kilowatt hours. 

+ 2.4 = mills per kilowatt hour for the excess 
over 7,500,000 kilowatt hours. 

The term “ton” as used in this contract shall be consid- 
ered to mean a ton of two thousand (2,000) pounds. The 
term ‘‘cost”’ as used in the foregoing formulae and as apply- 
ing to any given month shall be the weighted average of the 
cost (in dollars and hundredths thereof) per ton to the Edison 
Company of all coal delivered to it for the uses aforesaid 
during the last preceding twelve (12) months, including all 


Cost X 10,500 
heat units 


Cost x 10,500 
heat units 
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freight, switching and car service charges paid by it in con- 
nection with such coal so delivered and including the cost of 
storing and handling the coal whenever the Edison Company 
shall store surplus coal for emergency purposes. While, as 
above stated, the secondary charges stated in Section 2 of this 
Article are based in part on the cost of coal to the Edison 
Company and are to vary from time to time with the varia- 
tion in such cost, it is distinctly understood and agreed that 
no increase in such secondary charges, either as specifically 
set out in said Section 2 or as may at any time be established 
under the provisions of this section, shall at any time become 
effective when such increase is due to any arbitrary price, 
wage, charge, act, practice or rule of the Edison Company 
nor unless such increase be consistent with a contemporane- 
ous general change, if any, in the cost of mining coal in the 
States of Illinois, Indiana and Kentucky and in the cost of 
transportation of such coal to Chicago and in the cost of labor 
used in the handling thereof. It is further understood that in 
computing such coal cost the actual cost of such coal and the 
charges directly relating thereto shall only be considered, and 
such computation shall be made without inclusion of any over- 
head or other like charges and expense. 

Upon request of the Railroad Company at any time or 
times made, the Edison Company shall freely make available 
to the Railroad Company, for examination, all records of the 
Edison Company which may be required to establish the cost 
and heat content of coal, including all the items of cost above 
enumerated, for the purposes of this section. 

The term “heat units’? as used in said formulae and as 
applying to any given month shall be the weighted average 
number of B. T. U. per pound of coal used by the Edison 
Company during the last preceding twelve (12) months; pro- 
vided, however, that if such weighted average number is not 
more than eleven thousand (11,000) nor less than ten thousand 
(10,000), then the number of heat units to be used in said 
formulae shall be ten thousand five hundred (10,500). 

Section 4. The Railroad Company agrees and guarantees 
that during each month of the term of this contract its total 
consumption of energy in kilowatt hours shall not fall below 
thirty per centum (30%) of the equivalent of its maximum 
demand for such month used continuously throughout the 
month for twenty-four (24) hours each day, and that its total 
aggregate payments for kilowatt hours consumed in such 
month shall not be less than such a load factor would require, 
subject, however, to the provisions of Section 1 of Article I 
and the provisions of Article VI hereof. 

The deficiency, if any, between the amount of energy actually 
consumed during any month and the amount which the Railroad 
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Company has under this section guaranteed to consume in such 
month and to pay for, shall be considered as additional energy 
supplied hereunder by the Edison Company in such month, 
and in making up its bill hereunder for such month the Edison 
Company shall include the charge for such deficiency so con- 
sidered at the rate for which the amount of energy represented 
by such deficiency would have been billed under the provisions 
of Sections 2 and 3 of this Article, if such energy had been actu- 
ally consumed. 

Srction 5. As soon as practicable after the end of each 
month, except as otherwise specifically provided herein, the 
Edison Company shall render to the Railroad Company a bill 
or bills for all amounts due for such month under any and all 
provisions of this contract (including in such bill or bills any 
credit or credits to which the Railroad Company may be entitled 
for such month under any of the provisions of this contract), 
and the Railroad Company shall pay each such bill within 
thirty (30) days after the receipt thereof. If it shall be found 
that any such bill is erroneous in any respect, the Edison 
Company shall forthwith, and in any event with thirty (30) 
days, render to the Railroad Company a supplementary bill for 
any additional amount due from, or a credit memorandum for 
any amount to be credited to, the Railroad Company to correct 
such error. The Railroad Company shall pay any such supple- 
mentary bill within thirty (30) days after the receipt thereof. 


ARTICLE IV 
FACILITIES AND OPERATION 


Section 1. The energy to be supplied hereunder shall be 
in the form of (a) direct current at a nominal voltage of fifteen 
hundred (1,500) volts, and (b) sixty (60) cycle alternating 
current, three (3) phase, four (4) wire, at a nominal voltage 
of four thousand (4,000) volts between the phases and at a 
nominal voltage of twenty-three hundred (2,300) volts from 
each phase to neutral, and (c) sixty (60) cycle alternating 
current at such other voltages and number of phases as may be 
mutually agreed upon. 

Section 2. The energy to be supplied hereunder shall be 
delivered by the Edison Company to the Railroad Company 
on the outgoing feeders from substations which substations 
shall be constructed and equipped by the Edison Company 
either upon property owned or leased by it or upon the right 
of way or property of the Railroad Company, which latter 
locations shall be approved by the Railroad Company, and 
which shall be located initially at or near the points specified 
in the table below; and such energy shall be delivered in the 
form of direct current (D. C.) at a nominal voltage of fifteen 
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hundred (1,500) volts and alternating current (ASG) at a 
nominal voltage of four thousand (4,000) volts between phases 
and twenty-three hundred (2,300) volts from each phase to 
neutral, as indicated in the following table by the symbols 
“D.C.” and “A. C.” respectively : 


Ponts or DELIVERY Kinp or ENERGY 
South Water St., Chicago................. ets 
12th Street (Central ea nbined Chicago...... ARC. 
16th Street, Chicago. . DAG: ARC: 
69th Street, Chicago. . eee CO: A.C. 
79th Street (Chelteqham), ‘Giicazo® Petes DACs AC: 
95th Street (Burnside Shops), al PN A.C. 
115th Street, Chicago. . ee Oa G: A.C. 
156th Sarees Harvey, Giec 5G pet 8 BRE? AGC: 
Vollmer Road: Hlingisseet eek 54. Aa DEG: ALC, 
A point ae Ashland Ave. and Vermont 

Step blue island lUimois..2-25-. 0.2 «<<< DG: IN (CE 


It is understood and agreed that no direct current fifteen 
hundred (1,500) volt converting apparatus will initially be 
provided by the Edison Company at the points of delivery 
for which no supply of direct current energy is indicated in 
the foregoing table. It is further understood and agreed 
that the Railroad Company shall provide suitable substation 
space within its own buildings for the installation of alternating 
current apparatus for the supply of alternating current at the 
points of delivery above mentioned from which no direct current 
is to be supplied. The Edison Company will provide feeder 
pressure regulators in any case where the length of the A. C. 
circuit or character of the A. C. service requires close pressure 
regulation. 

Section 3. The Edison Company agrees to provide by 
purchase or lease such real estate as may be necessary for 
substation purposes hereunder, except such real estate as may 
be furnished by the Railroad Company under the provisions of 
this Article. The Edison Company further agrees to provide 
and maintain upon such real estate (whether provided by it or 
by the Railroad Company) at or near each of the points of 
delivery mentioned in Section 2 of this Article, except as other- 
wise specifically provided in said Section 2, and at or near any 
location specified in a request for an additional substation 
under the provisions of Section 4 of this Article, a suitable 
substation building, and to install therein and thereafter to 
maintain and operate such machinery, apparatus and other 
equipment as may be required for the constant and adequate 
supply of energy hereunder. 
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The design and arrangement of each such substation, the 
type and capacity of the machinery, apparatus and other 
equipment installed therein, the construction work in connec- 
tion therewith, the spare unit or reserve capacity to be pro- 
vided and maintained, and the operation thereof, shall be in 
accordance with the most approved engineering practice and 
adequate for the service requirements of the Railroad Com- 
pany as in this contract specified. 

In the several substations there shall be installed initially 
for the traction service of the Railroad Company units of not 
less than the following number and continuous capacity: 


16th Street 3 3,000 Kw. Units 

69th =“ 3 3,000 “ “ 
115th “ 2 3,000 “ «“ 
Harvey 2 3,000 “ a 
Vollmer Road 2 5005 i 
Cheltenham 2 3,000 “ ce 
Blue Island 1 15000" a 


The Edison Company agrees that there shall at all times 
be installed in the several substations from which the Edison 
Company is required to supply energy hereunder to the Rail- 
road Company sufficient spare or reserve capacity to supply 
the traction power requirements of the Railroad Company 
as specified herein and in accordance with the provisions of 
this contract and especially of Section 8 of this Article when- 
ever one unit of any particular kind of apparatus is out of 
service in any substation except initially at Blue Island 
substation. 

In any substation from which the Edison Company is 
required to supply energy in the form of direct current 
hereunder, the Edison Company shall install, maintain and 
operate in accordance with the most approved engineering 


practice, the necessary conversion apparatus, with suitable - 


control and switching equipment, and the necessary feeder 
equipment. The number and kind of such feeders shall be such 
as are specified by the Railroad Company, in order to properly 
and safely control and sectionalize all main line tracks, yard 
tracks, and gap sections within interlocking limits near sub- 
stations, and all such feeders shall be equipped with adequate 
protective apparatus for the electrical disconnection at the 
substation of the distribution lines which they serve. 

In any substation from which the Edison Company is required 
to supply energy hereunder in the form of alternating current, 
the Edison Company shall install, maintain and operate, in 
accordance with the most approved engineering practice, three 
(3) phase four (4) wire feeders with approximately four thousand 
(4,000) volts between phases and approximately twenty-three 
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hundred (2,300) volts from each phase to neutral, twenty-three 
hundred (2,300) volt single phase feeders, and feeders at 
such other voltages and phase as may be agreed upon under 
the provisions of Section 1 of this Article; the number and 
kind of feeders in each case to be such as are required by the 
Railroad Company; and the Edison Company shall install, 
maintain, and operate in each such substation suitable switch- 
ing and protective equipment. Said feeders, so far as practi- 
cable and necessary, and as provided in Section 2 of this Article, 
shall be equipped with automatic induction feeder regulators. 
The energy supplied to said feeders shall be such that feeders 
from adjacent points of supply hereunder (mentioned in Section 
2 of this Article) located along the right of way of the Railroad 
Company may be interconnected by the Railroad Company 
through its distribution lines. 

In case any substation from which energy is supplied here- 
under is not located on or immediately adjacent to the right 
of way of the Railroad Company the Edison Company shall 
install, maintain and operate the necessary feeders connect- 
ing such feeder equipment in such substation with the Rail- 
road Company’s feeders at a point on the Railroad Company’s 
right of way line most readily reached from such substation 
and which shall be satisfactory to the Railroad Company. 

Section 4. If at any time for any reason the Railroad 
Company shall require additional fifteen hundred (1,500) volt 
direct current energy at any point along its right of way in 
the portion of its Chicago Terminal District located within 
the State of Illinois to which such energy may not be economi- 
cally transmitted from any then existing substation hereunder, 
and shall request the Edison Company in writing to provide 
an additional substation hereunder, specifying in such request 
the approximate location of the proposed additional substation, 
the estimated amount of additional energy to be supplied at 
such additional substation and the approximate date of first 
delivery, which date shall be not less than twelve (12) months 
after the making of such request, then the Edison Company 
shall install at or near such location an additional substation 
(within the limits of said Chicago Terminal District within the 
State of Illinois) at which energy shall be delivered hereunder, 
and shall from and after the date so specified and during the 
balance of the term, supply hereunder to the Railroad Company 
at such additional substation the amount of energy in the form 
requested, provided, however, that the amount of additional 
energy to be so supplied in the vicinity of any such additional 
substation shall not be less than three thousand (3,000) kilo- 
watts, and provided, further, that the Railroad Company shall 
provide ‘and lease to the Edison Company under the provisions 
of Section 9 of this Article the necessary ground space for any 
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such additional substation unless the Edison Company already 
possesses space suitable and available for such additional sub- 
station, and provided, further, that if such additional substation 
shall be located outside of the limits of the City of Chicago, the 
Edison Company shall be able to obtain from the authorities 
of the municipality in which such additional substation is to 
be located the necessary consent to extend its transmission 
lines from said city limits over and across public thorough- 
fares in such municipality to such additional substation. 

Section 5. The Edison Company agrees that it will provide 
and at all times maintain sufficient generating, transmitting and 
converting equipment to furnish to the Railroad Company in 
accordance with the provisions hereof such energy as the Rail- 
road Company shall require to meet its traffic and business. 
The Railroad Company agrees, however, to give to the Edison 
Company at least twelve (12) months’ written notice of an 
expected substantial increase in the Railroad Company’s 
traffic or business which may require the installation on the 
part of the Edison Company of additional generating, trans- 
mitting or converting equipment. 

Section 6. The Railroad Company agrees that the Edison 
Company may construct in the right of way of the Railroad 
Company underground conduits and may install therein wires 
and cables for the transmission of energy, provided, that the 
location and details of such construction and installation shall 
be satisfactory to the Railroad Company, and, provided, 
further, that such conduits, wires and cables are installed pri- 
marily*to supply energy hereunder to the Railroad Company. 
Detailed plans of any such construction and installation shall 
be submitted by the Edison-Company to the Railroad Com= 
pany for approval, and be approved by it before any such work 
is done. 

All transmission lines extending from any generating station 
of the Edison Company to any substation from which energy 
is delivered hereunder shall be installed underground except 
such transmission lines or portions of such lines as shall be 
required outside the city limits of the City of Chicago, and any 
such transmission lines or portion thereof installed outside 
said city limits may, at the election of the Edison Company, 
be installed and maintained either overhead or underground. 
The number, capacity and distribution of such transmission 
lines in connection with each substation shall be such that the 
cutting out of any one of such lines will not prevent the delivery 
of the required amount of energy to the Railroad Company at 
such substation in accordance with the provisions of Section 8 
of this Article. 

Section 7. All or any part of the energy supplied here- 
under to the Railroad Company may be generated by the 
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Edison Company at its own stations or may be procured by it 
from any other equally reliable source. 

Section 8. Energy furnished hereunder in the form of Voltage 
direct current shall have a normal voltage of fifteen hundred qeeeatios oe 


(1,500) volts at the point of delivery atthe Railroad Company’s ©2¢8y- 
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Fic. 83.—Plan of power station and coal pulverizing equipment of Lakeside 
Station, T.M.E.R. & L. Co. 


right of way, and under normal and regular conditions of 
railroad traffic this voltage shall not be higher than fifteen 
hundred fifty (1,550) volts nor lower than fourteen hundred 
(1,400) volts. 
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Under normal and regular conditions of use the frequency 
and voltage of energy supplied hereunder in the form of alter- 
nating current shall not vary more than five per centum 
(5%) above or below normal. 

In general, the Edison Company will approximately com- 
pensate for voltage drop in its transmission lines by carrying 
its power plant voltage higher at times of peak load than at 
times of light load. The voltage characteristics of the con- 
version apparatus installed in the substations of the Edison 
Company for the purposes of this contract shall be in accord- 
ance with the most approved engineering practice for rail- 
way service and satisfactory to the Railroad Company. 

Section 9. If the Railroad Company shall at any time 
own property that is available and suitable for a substation 
from which energy is to be supplied to it hereunder, the Railroad 
Company agrees to lease such property to the Edison Company 
for substation purposes during the term of this contract. So 
long as any substation located upon property of the Railroad 
Company shall be used primarily and to the extent of at least 
eighty per centum (80%) thereof for supplying energy here- 
under to the Railroad Company, the rental which the Edison 


‘Company shall pay to the Railroad Company for the use of such 


property shall be a nominal rental of One Dollar ($1.00) per 
year for each piece of property upon which a substation is 
erected. The Edison Company may distribute energy from 
any such substation to other customers as well as to the Railroad 
Company, but if in any year the amount of energy distributed 
from any such substation to customers of the Edison Company 
other than the Railroad Company shall exceed twenty per 
centum (20%) of the entire output of such substation in such 
year, the Edison Company shall pay to the Railroad Company 
as rental for the use of the property upon which such substation 
is located, a rental for such year ascertained as follows: The 
value of such property at the beginning of such year shall be 
determined by agreement of the parties, or if they are unable to 
agree, by arbitration under the provisions of Article VIII of 
this contract, and the rental which the Edison Company shall 
pay for such year shall be such proportion of six per centum 
(6 %) of such value as the number of kilowatt hours distributed 
by the Edison Company in such year from such substation to 
its customers other than the Railroad Company shall bear to the 
total number of kilowatt hours distributed by the Edison Com- 
pany from such substation in such year. ‘The Edison Com- 
pany may install and maintain upon or across the right of way 
of the Railroad Company the necessary underground trans- 
mission and distribution lines to connect such substation with 
the premises of any other customer, provided, that such installa- 
tion and maintenance shall be satisfactory to the Railroad 
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Company. Detailed plans of any such installation shall be 
submitted by the Edison Company to the Railroad Company 
for approval, and shall be approved by it before any work is 
done or installation made under the provisions of this Section. 

It is further understood and agreed that wherever in this 
contract permission or authority is given to the Edison Com- 
pany to install or maintain upon or across the right of way 
or lands of the Railroad Company any lines, conduits, wires, 
or other equipment, property or structures, other than such 
as are required for the performance of this contract by the 
Edison Company, it shall be and is upon the express condi- 
tion that no such use, installation, construction or mainte- 
nance shall be made without the specific approval of the 
Railroad Company in each particular instance, and that 
whenever the Railroad Company shall desire the removal of 
any such installation, construction or maintenance or the dis- 
continuance of any such use, such removal and discontinuance 
shall be promptly made by the Edison Company upon notice 
from the Railroad Company, and upon failure of the Edison 
Company so to do such removal may be made by the Railroad 
Company at the expense of the Edison Company, and such use 
may be prevented. 

Suction 10. The Edison Company shall, in conformance 
with the request of the Railroad Company, operate from its 
substations certain remote-controlled auxiliary switching 
equipment for paralleling and sectionalizing the distribution 
lines of the Railroad Company along its right of way. But 
in the event that any auxiliary switching equipment required 
to be installed in the original construction of any substation 
shall have been completed, and the Railroad Company shall 
desire to increase this equipment in any substation to the 
extent of requiring a larger building, the Railroad Company 
shall pay for such extension of substation building and any 
other expense involved in the installation of such apparatus. 

Section 11. The Railroad Company may, at its option, 
maintain and operate a suitable system of apparatus and 
wiring for the purpose of enabling it to communicate or indicate 
at any time to its Power Director the operating conditions of 
all machinery, equipment and feeders serving the Railroad 
Company’s distribution lines hereunder. Any such apparatus 
and wiring may be installed in any substation of the Edison 
Company from which energy is supplied to the Railroad 
Company hereunder, in conjunction with equipment owned and 
operated by the Edison Company, provided, that in the judg- 
ment of the Edison Company such installation will not interfere 
with the safe and satisfactory operation of the Edison Com- 
pany’s apparatus. The Edison Company shall co-operate in 
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all reasonable degree with the Railroad Company in the instal- 
lation and operation of such apparatus and wiring. 

Sncrion 12. All equipment and apparatus and the wiring 
in connection therewith installed under the provisions of 
Sections 10 or 11 of this Article in or upon the right of way or 
property of the Railroad Company shall be installed by and at 
the expense of the Railroad Company except as may be other- 
wise agreed upon by the parties hereto. All such equipment, 
apparatus and wiring installed in any substation of the Edison 
Company or installed elsewhere than in or upon the right of 
way or property of the Railroad Company shall be installed by 
and to the satisfaction of the Edison Company, under the 
direction and at the expense of the Railroad Company. As 
soon as practicable after the completion of any such installation 
by the Edison Company, it shall render to the Railroad Com- 
pany a bill or bills for the expense thereof, and such bill or bills 
in so far as they relate to any equipment, apparatus, or wiring 
installed for the benefit of both parties hereto shall be based on 
an equitable apportionment of the cost of labor and material; 
and the Railroad Company shall pay such bill or bills within 
thirty (30) days after the receipt thereof or within thirty 
(30) days after the approval and/or acceptance of such instal- 
ation by the Railroad Company. 

Srcrion 13. When any work is performed by the Railroad 
Company for the Edison Company or by the Edison Company 
for the Railroad Company, including work as mentioned under 
Sections 10 and 11 of this Article, the expense, except as may 
otherwise be agreed upon by the parties hereto, shall consist 
of the actual cost of materials and supplies furnished, including 
transportation charges at the established rates, all plus fifteen 
per cent (15%), and the actual cost of labor involved below the 
rank of general foreman, plus ten per cent (10%). . 

Section 14. All direct current and alternating current 
feeder switches and circuit breakers in and controlled from 
the substations of the Edison Company hereunder and serving 
distribution lines of the Railroad Cempany shall be operated 
by operators employed by the Edison Company under direct 
orders from the Railroad Company’s Power Director, and in 
accordance with rules to be agreed upon and issued by the 
Railroad Company and the Edison Company 


ARTICLE V 
METERS AND METERING 


The energy to be supplied hereunder shall be measured, 
both as to maximum demand and as to kilowatt hours, by 
meters to be installed by the Edison Company at its expense 
for the measurement of the energy supplied to the Railroad 
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Company. Except as may be otherwise agreed upon by the 
parties hereto, such meters shall be installed, maintained 
and operated in the manner and under the conditions here- 
inafter in this contract set forth. Such meters shall be installed 
in each substation from which energy is supplied. In any 
case where any such substation is located upon or immediately 
adjacent to the right of way of the Railroad Company, energy 
shall be considered as delivered hereunder to the Railroad 
Company in such substation. In any case where such sub- 
station is not located upon or immediately adjacent to the right 
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Fia. 84.—Dresser Power Plant of Central Indiana Power Co., near Terre Haute, 
Indiana. 


of way of the Railroad Company, energy shall be considered as 
delivered hereunder to the Railroad Company at the point 
where the feeders leading from such substation intersect the 
Railroad Company’s right of way line, and in such case the 
readings of the meter or meters in such substation shall be 
reduced by an appropriate factor to compensate for energy 
losses between the point of metering and the point of delivery, 
such factor in each case to be mutually agreed upon by the 
parties hereto. 

The meters for measuring energy supplied under this con- 
tract in the form of direct current shall be installed on the 
fifteen hundred (1,500) volt bus bars supplying the outgoing 
feeders ‘to the Railroad Company’s system. One watt hour 
meter or several watt hour meters in multiple, as shall be 
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required according to good engineering practice, shall be 
installed on each such bus bar, and such meter or meters shall 
be read on the last day of each calendar month at midnight 
for the purpose of ascertaining the kilowatt hours drawn and 
used during the month. 

The meters for measuring energy supplied under this con- 
tract in the form of alternating current shall be installed on 
the low tension side of the three (3) phase step-down trans- 
former or set of transformers used for transforming energy 
supplied hereunder in any substation, one (1) three (3) phase 
watt hour meter being installed on each three (3) phase trans- 
former or set of transformers; or in case any such energy 
is supplied at a pressure of twelve thousand (12,000) volts in 
such substation, then a three (3) phase watt hour meter or 
meters shall be installed directly on the outgoing feeder or 
feeders supplying such energy. All such watt hour meters 
shall be read on the last day of each calendar month at mid- 
night for the purpose of ascertaining the kilowatt hours drawn 
and used during the month. 

For the purpose of obtaining data for the ascertainment 
of the maximum demand a demand meter shall be installed 
in connection with each watt hour meter (whether used for 
measuring energy in the form of direct or of alternating current), 
and such demand meter shall record automatically hourly, from 
the commencement of each hour, the kilowatt hours drawn and 
used during such hour. 

The following provisions of this Article shall be applicable 
to any kind of meter that shall be used. The Railroad Com- 
pany shall have the right to have representatives present 
at any or all of said readings, and all payments other than 
the guaranteed minimum payments representing the primary 
charge shall be based thereon. All watt hour meters shall be 
tested and calibrated monthly in the presence of duly appointed 
representatives of both parties, and if as a result of any test 
a meter shall be found incorrect or inaccurate it shall be restored 
to an accurate condition or a new meter shall be substituted. 
In case either the Edison Company or the Railroad Company 
shall at any time believe that any meter so installed registers 
incorrectly, the party holding such belief shall have a right to 
require that a test be made of such meter. The party desiring 
such test shall make a request therefor in writing upon the 
other party and thereupon such meter shall be tested and cali- 
brated in the presence of duly appointed representatives of 
both parties, and if as a result of such test the meter shall be 
found incorrect or inaccurate it shall be restored to an accurate 
condition or a new meter shall be substituted. Any meter 
tested and found to be not more than one per centum (1 %) from 
normal shall be considered correct and accurate as to the 
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registration of the number of kilowatt hours drawn and used. 
If as a result of any such test any meter shall be found to 
register in excess of one per centum (1%), either above or below 
normal, then the readings of such meter previously taken 
for the purpose of ascertaining the number of kilowatt hours 
drawn and consumed, or for the purpose of ascertaining the 
maximum demand, shall be corrected according to the percent- 
age of inaccuracy so found; but no such correction either in 
respect to maximum demand or kilowatt hours drawn and con- 
sumed shall extend back beyond thirty (30) days previous to the 
day on which such inaccuracy shall be discovered by such 
test, and if during such previous thirty (30) days one or more 
prior tests shall have been made under the provisions hereof, 
then no such correction shall extend back beyond the date of 
the last of such prior tests. If any test of any meter shall be 
made at the request of the Railroad Company with the result 
that such meter shall be found to register correctly or within 
two per centum (2%) of normal, the Railroad Company shall 
bear the expense of such test. The expense of all other tests 
shall be borne by the Edison Company. All meters shall be 
kept under the seals of both Companies. 


ARTICLE VI 
INTERRUPTION AND DEFAULT 


Section 1. If at any time in any month the Edison Com- 
pany shall be unable to supply energy to the Railroad Com- 
pany, in whole or in part, as required to be supplied by it 
under the provisions of this contract, the primary charge 
for such month, as determined under the provisions of Section 
1 of Article III, shall be proportionately and equitably reduced, 
and if any such inability to supply energy shall cause the 
Railroad Company’s load factor in such month to fall below 
the guaranteed amount specified in Section 4 of Article III 
hereof, the Railroad Company shall be relieved of such guaranty 
for such month or months, and the average secondary charge 
per kilowatt hour for energy consumed in such month shall not 
be at a higher rate, due to smaller consumption, than the 
average secondary charge per kilowatt hour for the consumption 
in the next preceding normal month. Any such reduction or 
abatement shall be made as soon as practicable after the end 
of the month in which the failure of delivery occurs by agree- 
ment of the parties, or, if the parties cannot agree, then by 
arbitration under the provisions of Article VIII hereof. 

It is agreed that nothing in this section shall be construed 
to discharge or relieve the Edison Company from its obliga- 
tion to furnish energy hereunder as required by Section 2 of 
Article II hereof, but it is agreed that if the Edison Company 
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shall fail so to do at any time and such failure is caused by 
strikes not due to collusion of the Edison Company or caused 
by fire, civil or military authority, insurrection or riot, the 
action of the elements or by any other cause beyond its control, 
the concessions above in this Article made to the Railroad 
Company shall be accepted by it as full satisfaction of the 
Edison Company’s liability to the Railroad Company for its 
loss or damage due to the Edison Company’s failure so caused. 

Section 2. If on any day or days in any month the Railroad 
Company shall be prevented from operating its regular train 
service, either in whole or in part, by strike, fire or explosion, 
civil or military authority, insurrection or riot, abnormal 
weather condition, or by any other cause reasonably beyond its 
control, and if such prevention shall cause the Railroad Com- 
pany’s load factor in such month to fall below the guaranteed 
amount specified in Section 4 of Article III hereof, then and 
in that case the provisions of said Section 4 of Article III 
shall not be effective for such day or days and the minimum 
load factor of thirty per centum (30%) specified in said Section 
4 shall apply only during those days in such month in which the 
Railroad Company shall not have been so prevented from 
operating its regular train service; provided, that the Railroad 
Company shall give to the Edison Company notice of any such 
prevention as required under the provisions of Section 1 of 
Article XII hereof. 

Section 3. It is recognized that the Railroad Company 
must receive regular and uninterrupted service from the 
Edison Company in order to make this contract of value to it, 
and if for any reason interruption of service to be supplied 
under this contract shall be so frequent or of such duration as 
to interfere materially with the Railroad Company’s opera- 
tion of its lines, or if the character of service supplied here- 
under shall not be in accordance with the provisions of this 
contract, then the Railroad Company may in writing notify 
the Edison Company thereof, specifying the reasons for com- 
plaint, and the Edison Company shall forthwith promptly 
correct its service so as to remedy the trouble so specified. If 
the trouble so specified is not promptly remedied and in every 
event within not to exceed ninety (90) days from the date of 
such notice, the Railroad Company may elect to cancel this 
contract by giving to the Edison Company not less than thirty 
(30) days’ notice in writing of its intention to cancel the con- 
tract, stating in such notice the date of proposed termination. 
Tf such notice shall be given, the contract shall terminate upon 
the date of cancellation specified in the notice or at any earlier 
date upon which the Railroad Company may be able to obtain 
elsewhere the necessary energy required for the operation of its 
lines and shall notify the Edison Company of such fact; and 
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until such date of termination the Edison Company shall con- 
tinue to supply energy hereunder to the Railroad Company in 
accordance with the terms and conditions of this contract, but 
no such notice or termination of this contract shall relieve 
the Edison Company from its liability under this contract with 
respect to any matters arising prior to such date of termination. 
If prior to such date of termination the Edison Company should 
at any time or times fail to supply to the Railroad Company 
any portion of the energy which the Edison Company is required 
to supply under the provisions of this contract, the Railroad 
Company shall have the right during the period of any such 
failure to secure the supply of such portion from some other 
source for the account of the Edison Company. 

Section 4. Should the Railroad Company fail to pay when 
due in accordance with the terms hereof, any bill rendered 
hereunder, and such bill shall remain unpaid for a period of 
sixty (60) days after the same became due and payable, the 
Edison Company shall be entitled to receive, and the Railroad 
Company shall pay, interest upon the amount of such bill at 
the rate of six per centum (6%) per annum from the date upon 
which such bill became due and payable. 


ArTIcLE VII 
PROTECTION AGAINST CLAIMS FOR DAMAGES 


The Railroad Company shall indemnify and save harmless 
the Edison Company from and against any and all claims for 
damages in favor of any person, persons or corporation founded 
upon or arising from improper or negligent insulation, mainte- 
nance or operation of the electric wires, conductors and equip- 
ment of the Railroad Company during the life of this contract, 
and shall pay and reimburse the Edison Company for all costs, 
expenses and reasonable attorneys’ fees which the Edison 
Company may be put to or incur in defending any suit or suits 
brought against it for such damages, provided, the Edison 
Company shall not have been responsible for such defective 
condition of the electric wires, conductors and equipment of 
the Railroad Company and the said condition shall not have 
been caused by its acts or negligence. The Edison Company 
shall indemnify and save harmless the Railroad Company from 
and against any and all claims for damages in favor of any 
person, persons or corporation founded upon or arising in whole 
or in part from improper or negligent insulation, maintenance 
or operation of the electric wires, conductors and equipment 
of the Edison Company during the life of this contract, and 
from and against all other claims for damages due to its acts or 
negligence and not above assumed by the Railroad Company, 
and shall pay and reimburse the Railroad Company for all 
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costs, expenses and reasonable attorneys’ fees which the 
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suit or suits brought against it for such damages. - It is agreed, 
however, that the respective party shall have prompt notice 
of any such claim, demand or suit, and shall be given an 
opportunity to defend the same. 

If the Edison Company, at the request of the Railroad Com- 
pany, shall have opened any switch supplying electrical energy 
to the Railroad Company under this contract, the Edison 
Company shall be liable for any damage resulting in case the 
Edison Company shall close such switch without first receiving 
from the Railroad Company or one of its duly authorized 
employees an order to close such switch. 


ArtictE VIII 
ARBITRATION 


If at any time a difference of opinion shall arise between 
the parties hereto in regard to their respective rights, duties 
and obligations under this contract and within its terms 
and provisions or in respect of any payments to be made by 
virtue of this contract, the question in dispute shall be referred 
to a Board of Arbitrators consisting of three (3) competent 
disinterested persons experienced in the particular matter 
which is the subject of dispute. One (1) of said arbitrators 
shall be chosen by each of the parties hereto and the two (2) 
so chosen shall select the third arbitrator. The party desiring 
such arbitration shall give written notice of the same to the 
other party, setting forth definitely therein the point in dispute, 
and naming the person selected by such party to act as arbi- 
trator. If the party on whom such notice is served shall for 
twenty (20) days thereafter neglect to name by notice to the 
other party a person to act as its arbitrator, then the party 
giving such notice shall name the second arbitrator, and the 
two (2) thus chosen shall select the third arbitrator. If the 
two (2) arbitrators chosen as provided in this Article shall be 
unable to agree upon a third arbitrator within twenty (20) 
days after their appointment (or if they were appointed on 
different days then within twenty (20) days after the appoint- 
ment of the one last appointed), then such third arbitrator 
shall be named and selected by the person who at the time shall 
be the senior Judge, in point of service, of the United States 
District Court for the Eastern Division of the Northern District 
of Illinois, and application may be made upon two (2) days’ 
notice in writing to the parties hereto by either or both arbi- 
trators to such Judge for such purpose. The Board of Arbi- 
trators so chosen shall immediately proceed to hear and 
determine all matters submitted to them after giving to each 
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party hereto not less than five (5) days’ notice of the time 
and place of meeting; and at the time and place appointed 
they shall proceed summarily to hear and dispose of the 
matters in dispute unless in their judgment the hearing shall 
be adjourned to a later day or days, of which adjournment 
like notice shall be given unless such notice is waived by both 
parties, in which case the hearing may proceed at an earlier 
day. 

The determination of such Board of Arbitrators, or a majority 
of them, as to any matter so submitted to them shall be final 
and conclusive upon the parties hereto and said parties shall 
abide by such decision and perform the conditions thereof as 
if the same were made a part of this contract. In case the 
Railroad Company shall dispute and shall desire to submit 
to arbitration, as aforesaid, any of the bills rendered by the 
Edison Company hereunder the Railroad Company shall 
nevertheless pay such bills promptly within thirty (30) days 
after such rendition, without prejudice, however, to its right 
to receive or recover back any sum which the decision of the 
arbitrators shall find to be overpayment, with interest thereon 
at the rate of six per centum (6%) per annum from the time 
when such overpayment was made until the date of refund. 
Reasonable compensation shall be paid to said arbitrators, 
which compensation shall be paid in equal parts by the parties 
hereto. Other expenses of said arbitration shall be borne by 
the party making the expense, unless otherwise agreed or 
unless otherwise determined by said Board of Arbitrators or a 
majority of them. 


ArTIcLE IX 
DISCRIMINATION IN RATES 


If at any time during the life of this contract the Edison 
Company shall supply energy to any other consumer for 
traction or transportation service at a lower rate than that 
hereinabove given to the Railroad Company hereunder, and 
such lower rate shall not be justified by different conditions 
of service, making the cost of production and distribution to 
such other consumer relatively less than to the Railroad 
Company (and the burden of proving such different conditions 
of service justifying the lower rate shall be upon the Edison 
Company), then and in that event and so long as such lower 
rate shall be given to such other consumer while this contract 
is in force the Railroad Company shall be entitled to a reduction 
in its said rate equal to so much of the amount of the difference 
between such lower rate and the Railroad Company’s said 
rate as shall not be so justified. 
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ARTICLE X 
SCOPE OF CONTRACT 


The railway system and appurtenances of the Railroad 
Company for the operation, construction and maintenance of 
which energy is to be supplied by the Edison Company when 
and as provided in this contract shall, for the purposes of this 
contract, include any railway lines within the Chicago Termi- 
nal District of the Railroad Company which shall be electrified 
in compliance with the provisions of the aforesaid ordinance 
of the City of Chicago and which are now operated by the 
Railroad Company or which shall hereafter be constructed or 
acquired by lease, purchase, stock ownership, or operating 


agreement to be operated by it and shall also include any ter- 


minal company operating the Chicago terminal station of the 
Railroad Company when and as requested by the Railroad 
Company. The term ‘Chicago Terminal District,” as used in 
this contract, shall be considered to include the territory within 
the City of Chicago and also all territory within fifteen (15) 
miles of the present city limits of said City of Chicago. The 
Michigan Central Railroad Company, which is at present a 
tenant of the Railroad Company, and any other railway com- 
pany or companies now using or that may hereafter use the 
Railroad Company’s Chicago terminal or the Railroad Com- 
pany’s right of way within the Chicago Terminal District of the 
Railroad Company, are to be recognized and considered as 
part of the Railroad Company’s railway system and for which 
energy is to be furnished under this contract to the extent and 
as and upon such limitations as the Railroad Company may 
from time to time request and direct. All electric service 
required to be furnished hereunder shall be deemed to be 
furnished to and shall be paid for by the Railroad. Company. 
The energy furnished hereunder shall be used only for traction 
and other railway purposes within the Chicago Terminal 
District of the Railroad Company, including the operation of 
trains and signals, and the construction, operation and lighting 
of stations, shops and other buildings owned, used or operated 
or railroad purposes by the Railroad Company or by the other 
railway companies or the terminal company hereinabove in this 
Article referred to. 

All other contracts under which the Edison Company shall 
be supplying energy to any company entitled to use any 
energy furnished under this contract which shall be in force 
at the date of this contract or which may hereafter be entered 
into shall continue in force unaffected by the terms hereof, 
provided, however, that any such company may at any time 
after the date hereof terminate any such contract with it by 
giving to the Edison Company, not less than sixty (60) days 
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prior to the date of desired termination, notice in writing of 
its election to terminate such contract, specifying therein the 
date of desired termination, and, if such notice be given, such 
contract shall terminate on the date so specified, and the 
energy theretofore required to be supplied under any contract 
so terminated shall thereafter be a part of the energy to be 
supplied hereunder by the Edison Company, provided, further, 
that such termination of such contracts, respectively, and the 


supply of energy under this contract in lieu thereof be approved 
by the Railroad Company. 


ARTICLE XI 
PURCHASE OF SUBSTATION EQUIPMENT BY RAILROAD COMPANY 


Section 1. If at the expiration of the original term of this 
contract or at the expiration of the first five (5) year extension 
of the term herein authorized, the Railroad Company shall not 
have effected a further extension under the provisions of Section 
2 of Article IJ, it shall purchase from the Edison Company all 
the apparatus which the Edison Company shall have installed 
in any substation for the purpose of supplying direct current 
energy hereunder for traction service, including high tension 
switches, transformers, conversion apparatus, low tension 
switches, connections and switches to fifteen hundred (1,500) 
volt feeders, and all other auxiliary equipment installed in any 
substation for the purpose aforesaid, except such of said appara- 
tus as the Edison Company shall elect to use for other pur- 
poses. If the term hereof shall be extended by the election of 
the Railroad Company under the provisions of Section 2 of 
Article I for more than one five (5) year period, the Railroad 
Company shall purchase at the expiration of the term so much 
of the apparatus just described as shall at such expiration have 
been in service for fifteen (15) years, or less, and as the Edison 
Company shall not elect to use for other purposes. The 
Railroad Company may, at its option, however, at the expi- 
ration or termination of this contract, purchase any or all of such 
substation equipment as the Edison Company may have 
installed in any substation erected upon the right of way or 
property of the Railroad Company and required for the service 
of the Railroad Company. After such expiration or termination 
the Edison Company shall, within sixty (60) days after receipt 
from the Railroad Company of a request so to do, remove at 
the expense of the Edison Company all substation apparatus 
and equipment not purchased by the Railroad Company. The 
Railroad Company shall also purchase at the expiration or 
termination of this contract all substation buildings which the 
Edison Company shall have erected under the provisions of 
Sections 3 and 4 of Article IV upon the right of way or other 
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property owned by the Railroad Company. It is agreed, 
however, that nothing in this section contained shall require 
the Railroad Company to purchase any of the equipment or 
apparatus above mentioned that shall have become defective 
or obsolete to such extent as to be unserviceable or not useful 
to the present system of traction of the Railroad Company. 

Section 2. The purchase price to be paid by the Railroad 
Company for any substation building or for any equipment 
or apparatus purchased under the provisions of Section 1 of 
this Article shall be determined on an equitable basis by 
agreement between the parties, giving due consideration to 
the matters of replacement cost, obsolescence, normal depre- 
ciation and condition with respect to repair and serviceability 
of building or equipment or apparatus and all other matters 
affecting the then value of such building, equipment or appa- 
ratus. If the parties are unable to agree upon such purchase 
price in any instance the same shall be determined by arbi- 
tration under the provisions of Article VIII hereof. 


ARTICLE XII 
OPERATING RELATIONS 


Section 1. In case of any railroad accident or of any 
abnormally heavy railroad traffic resulting, or which may 
result, in any substantial increase of the Railroad Company’s 
load of energy supplied hereunder, or in case of any suspension 
by the Railroad Company of its regular train service, either 
in whole or in part, under any of the conditions specified in 
Section 2 of Article VI hereof, the Railroad Company shall give 
to the Edison Company immediate notice thereof by telephone 
or otherwise, confirmed within forty-eight (48) hours by letter. 
In either case, unless such notice shall have been given and so 
confirmed, an abnormal period because of “abnormally heavy 
railroad traffic,” as defined in Section 1 of Article II, or a sus- 
pension of train service under the provisions of Section 2 of 
Article VI, as the case may be, shall not be considered to have 
come into existence. Whenever an abnormal period as 
defined in Section 1 of Article II or a suspension of train service 
shall come into existence and notice thereof shall be given when 
required as above provided, the parties hereto, as soon as 
practicable after such abnormal period or such suspension of 
train service shall have terminated, shall agree, if possible, 
upon the duration of such abnormal period or such suspension 
of train service, as the case may be, or if they are unable to 
agree upon such duration within ten (10) days after such 
termination the same shall be determined by arbitration under 
the provisions of Article VIII of this contract; and when 
so agreed upon or so determined a memorandum of such dura- 


i _ ————=—_ - 


i“ 


SOURCES OF ELECTRICAL ENERGY 


tion shall be made in duplicate and signed by a duly author- 
ized representative of each party hereto, and one copy of such 
memorandum shall be retained by each party. Any notice 
under the provisions of this section shall be given to the Load 
Dispatcher of the Edison Company on duty at the time of the 
giving of such notice. 

Section 2. The Railroad Company shall have the privilege 
at any time or at all times during the life of this contract of 
keeping an employee of the Railroad Company in the Load 
Dispatcher’s office of the Edison Company, and such employee 
shall have the right to observe and to keep records of the load 
dispatching operations of the Edison Company so far as they 
relate to service to be supplied to the Railroad Company, but 
in no event shall such records be given to any employee of 
the Railroad Company except for the Railroad Company’s 
private use. 

Section 3. Each party shall allow properly authorized 
employees of the other party to have access to its premises, 
books, records and accounting for any purpose necessary for 
or incidental to the carrying out of this contract. 

Section 4. Whenever either party shall install any con- 
duit, cable, wire or other apparatus or equipment in or upon 
the premises of the other party, under any provision hereof, 
the party owning the same shall have the right, upon giving 
due notice to the other party, to repair or remove such appara- 
tus at any and all reasonable times, provided such repair or 
removal shall not interfere with the carrying out of this con- 
tract; and upon the termination of this contract, by lapse of 
time or otherwise, such party shall remove permanently any 
and all property owned by it upon the premises of the other 
party not required to be purchased by such other party under 
any other provisions of this contract, or which such other 
party shall not elect to purchase where the right of such election 
is given to it. 

Section 5. Any notice, request or demand which may be 
given to, or made upon, either party by the other under any 
of the provisions of this contract shall, unless otherwise spe- 
cifically provided, be given or made by serving the same per- 
sonally in writing upon, or by sending the same by registered 
mail addressed to, the President, Vice President or General 
Manager in charge of operation for the time being of such 
party. 

Section 6. All rights and privileges granted by either 
party to the other under the terms of this contract shall termi- 
nate at the termination of the contract, by lapse of time or 
otherwise; provided, however, that upon such termination each 
party shall have the right to remove with reasonable prompt- 
ness from the premises of the other party any property which 
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it is authorized to remove therefrom under the foregoing 
provisions of this contract. 

Section 7. Any waiver or any number of successive waivers 
of any of the rights that may accrue to either party hereto 
through the default of the other in keeping and performing 
any of the terms or obligations of this contract shall not 
estop the party so waiving the default from having the bene- 
fit in accordance with the terms of this contract of any other 
or subsequent defaults, but at any time during the life of this 
contract either party shall have the benefits herein provided 
in case of default by the other, without regard to any prior 
waivers or the number or time of such antecedent waivers. 

Srcrion 8. This contract is executed in duplicate and shall 
inure to and be binding upon the successors and assigns of 
the respective parties hereto. 

Section 9. It is understood and agreed that this contract 
is made subject to the approval of the Illinois Commerce 
Commission. 

IN WITNESS WHEREOF, the parties hereto have caused this 
electric service agreement to be executed in duplicate by 
their duly authorized officers, and to be sealed with their 
respective corporate seals, attested by their respective Secre- 
taries or Assistant Secretaries, the day and year first above 
written. 

CoMMONWEALTH EpIson Company, 
By Samvueu INsutt, 


President. 
(CORPORATE SEAL) 
Attest: 
Joun W. Evers, JR. 
Secretary. 
ILuIno1s CENTRAL RAILROAD COMPANY, 
By C. H. Marxuawm, 

(CORPORATE SEAL) President. 
Attest: 


Burt A. Breck, 
Assistant Secretary. 
Approved as to Engineering: 
D. J. BruMtey, 
Chief Engineer Chicago Terminal 
Improvement. 
Approved as to form: 
W.S. Horton, 
General Counsel. 
Approved as to Accounting: 
G. J. Buntina, 
Vice President. 
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CHAPTER XVII 
BONDS AND BONDING 


The circuit which supplies current from the substation to the 
car has already been outlined. The return portion of this circuit 
is made up of the track rails, being augmented by return copper 
feeders in parallel with the track only in cases of heaviest service. 
As rail lengths of either 30 or 60 ft. are used, a single rail will have 
88 or 176 joints per mile, at which the electrical resistance of the 
connection between rails made by means of corroded fish plates 
would normally be very high. With this high resistance directly 
in series with the return circuit, any reasonable addition to the 
copper in the positive feeders is of little value. It was quickly 
found, therefore, in the operation of the early railway systems 
that the ends of rails must be connected electrically by conductors 
of lower resistance than the fish plates. These conductors have 
been designated as “‘bonds.”’ 

In the first installations bare copper, negative return wires were 
laid along the ties between the rails and connected with the center 
of each length of rail with a copper wire. This method, however, 
proved very expensive and was abandoned, although it has been 
reinstated recently of necessity in similar form where traffic is 
very heavy, particularly in city systems. Later the ends of rails 
were bonded by means of No. 6 galvanized-wire bonds clamped 
under the heads of track bolts. Such bonds were not only soon 
destroyed by galvanic action in the earth but were found to be of 
such high resistance as to be of little use. A slight decrease in 
the contact resistance of these bonds was later affected by forcing 
the bond wires into holes drilled in the heads of the bolts. The 
inability to reduce the track resistance sufficiently by any of the 
above means led to the introduction of the solid copper bond, 
which, in turn, developed into the laminated strip copper and 
stranded copper bonds which are preferable because of their 
flexibility. 
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Several distinctive types of the latter bonds have now come into 
very general use and a brief description of each will, therefore, be 
found below. 

Compressed Terminal Bonds.—This type of terminal has 
been applied to various designs of copper bonds. It consists of a 
cylindrical head varying from 5¢ to 1 in. in diameter and slightly 
longer than the thickness of the web of the rail. This head is 
forced into a recently reamed hole in the web of the rail 
by means of a heavy screw clamp provided with a conical contact 
which engages the center of the bond head and causes it to 
expand and flow under the pressure applied so that it makes inti- 
mate contact with the inner surface of the hole and heads over, 
rivet like, so as to prevent easy loosening or removal. Some 
compressed terminal bonds have their heads drilled with an axial 
hole through which a tapered steei pin is driven in order to expand 
the copper head well into the hole in the web. 

Compressed terminal bonds may be installed so as to surround 
the fish plate or they may be of the “‘protected” type, installed 
before the fishplates are put on and later covered by the latter 
plates, thus protecting the bond from mechanical injury or theft. 
When installing this bond great care must be exercised 
not to drill the holes much before the bonds are inserted 
and, in drilling holes, to use a lubricant which will not 
produce an insulating film on the inside surface of the hole. 
Clear water or a solution of bicarbonate of soda and water may 
be used, but oil and soapy water should not be tolerated as 
lubricants. 

Soldered or Brazed Bonds.—Bonds similar to the above but 
with flat tinned heads are sometimes soldered or brazed to the 
side of the rail head or under the rail flange by means of a gasoline 
or oxyhydrogen blowtorch after the rail has been brightened at 
the point of contact. These bonds have not proved entirely 
satisfactory, however, as they are quite likely to work loose and 
are also quite easily stolen. 

Arc-weld Rail Bonds.—The extended use of electric are weld- 
ing on the track of electric railways has resulted in the develop- 
ment of rail bonds which can be applied with the electric arc in one 
form or another. An arc-weld bond terminal has been devel- 
oped which has a direct weld between the copper and the steel. 
The steel contact surface is in shell form, about 1¢ in. thick 
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throughout, and a large area of copper is provided as a backing for 
the steel welding surfaces. 

Arc-welding Dynamotor Bonding Machines.—Dynamotors, 
as the name indicates, consist of two separate armature windings 
on the common core which revolve in a common magnetic field. 
The motor windings are designed for 200 to 300, 400 to 600, 
600 to 750, or 1,200 to 1,500 volts, depending upon the supply 


Fig. 85.—Arc-welding dynamotor in use, Rail Welding & Bonding Co., Cleveland, 
Ohio. 


voltage. The generator windings are designed to give 60 volts 
(open circuit). The shunt field is connected directly across the 
60-volt generator, while the cumulative series field is in the motor 
circuit. The main advantages of the dynamotor over the 
motor-generator type of welder are lightness and increased effi- 
ciency. "‘helightness makes possible a portable machine, a neces- 
sity for crack work and desirable for other work for which it is 
necessary to take the welder to the job. 


218 ELECTRIC RAILWAY ENGINEERING 


The machine is designed for bonding with either carbon or 
metal arc, and the usual steel-electrode welding. Certain other 
machines are modified by having an arc adjuster. 

Such bonding consists of a direct copper-to-steel weld obtained 
through the copper alloy. This gives a direct path of copper 
from rail to rail, producing the maximum electrical conductivity 
and full bonding value. The resulting mass is a solid, homogene- 
ous, and ductile metal, which has a shearing strength of about 
25,000 lb. per square inch. 


Fia. 86.—Are welding dynamotor. 


Flame-weld Bonds.—Flame-weld bonds are designed for 
application to the rail, with the oxyacetylene flame. A special 
copper-alloy flux wire is used, as pure copper oxidizes too rapidly 
in the flame for satisfactory results. It has very low electrical 
resistance and requires less skill to apply than the arc-weld bond. 

Socket Terminals.—These terminals can be used where it 
would be inconvenient to order special lengths of bonds. The 
various types of terminal shanks are provided with deep sockets 
into which the conductors, cut to proper lengths, may be 
soldered by the purchaser. 

Amalgam Bonds.—Bonds consisting of semiplastic amalgam 
forced between the brightened surfaces of rail web and fish plate 
are occasionally found, although not in common use. 
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Aside from the above, several methods of making continuous 
rail joints of high electrical conductivity may well be classified 
under the heading of Bonds. Such methods in common use are 
as follows: 

Cast-welded Joint—In making this joint, melted iron of 
special composition and high conductivity is poured around the 
rail ends, with the exception of the heads, while they are enclosed 
in a sand or iron mold of such shape as to leave a heavy lug of 
cast iron about the ends of the rail. While it is rather difficult 
with this process to raise the temperature of the rail quickly 
enough to insure molecular adhesion between the rail and the 
molten metal, yet very satisfactory results have been obtained in 
many instances from both the standpoints of electrical conduc- 
tivity and mechanical rigidity. 

Thermit-welded Joint.—A combined joint and bond may be 
produced by the ‘‘thermit” process. As in the previous method, 
a mold of sand is made about the rail ends, but in this case 
only sufficient thermit for one joint is melted at a time. This 
melting is accomplished by making use of the well-known fact 
that finely divided aluminum when oxidized develops a great 
amount of heat. This reaction has been brought under control 
so that a small amount of powdered aluminum mixed with iron 
oxide, if ignited with a small amount of ignition mixture, will 
react as above explained, with sufficient heat to melt the iron, 
which, in turn, ispouredabouttherailends. This producesa joint 
sim lar to the cast weld with less metal but with apparently quite 
as good electrical and mechanical characteristics. 

Electric-welded Joint—In contrast to the electric-welded 
bond mentioned above there may be found in the city tracks of 
many railway companies the electric-welded rail joint. This, a 
rigid rail joint produced by electrically welding heavy iron bars 
on either side of the webs of adjacent rail ends, should be carefully 
differentiated from the electric-welded bond, although the proc- 
ess of welding is almost identical with that outlined above, 
except that iron only is used and the size of weld and correspond- 
ing power used are much greater. In this latter type of 
joint, iron filler blocks are inserted between the rail ends and 
ground to the form of the rail head so that the joint is entirely 
closed and the operation of cars over rail joints is made so much 
thesmoother. This joint has given very satisfactory service both 
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electrically as a bond, for its conductivity is practically equal to 
that of the rail, and mechanically as a rail joint, the breakages 
not exceeding 1 per cent of the total joints welded after several 
years of service in at least one installation and averaging very 
close to this record on several other roads. 

When considering any of these three methods of making combi- 
nation rail joints and bonds where the joint is necessarily mechan- 
ically rigid, it should be borne in mind that the track will expand 
in hot weather sufficiently to throw it noticeably out of gage 
if it is not rigidly held in place by street paving. None of these 
methods are, therefore, suitable for anything but paved city 
streets, unless an exception be made of the few cases where they 
have been tried with expansion joints every few hundred feet. 
At these joints, of course, some other type of bond must neces- 
sarily be installed. 

Bond Testing.—The bond resistance of a well-bonded track 
using 4/0 B. & S. bonds will range from 5 to 7 per cent of the 
resistance of the track return. With a few missing bonds or 


Fig, 87—Connections of bond testing meters. 


with poor contacts, between bonds and rails this resistance may 
be increased many times. While the maximum allowable volt- 
age drop in the return circuit is often very rigidly fixed in the 
city systems by mun‘cipal ordinance, it is for the interest of the 
operating company to keep this resistance at a minimum value, 
since the voltage at the car varies inversely and the losses vary 
directly with the resistance. It has been customary, therefore, to 
make frequent tests for the resistance of rail bonds and the stand- 
ard has been rather arbitrarily set that the resistance of a bond 
shall be less than that of 3 ft. of rail. 

The comparison of the resistance of the bond with that of 3 ft. 
of rail may be very readily made by making use of the current 
flowing in the rail. Two contacts a and b (Fig. 87), consisting 
of hardened-steel knife edges or points connected to a milli- 
voltmeter V, are applied to the head of the rail at a distance 
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apart corresponding to the length of the bond. A third contact 
c is permanently spaced 3 ft. distant from one of the former 
contacts 6. If another millivoltmeter V’ be connected between b 
and c and read simultaneously with the meter connected to a 
and 6, the readings are proportional to the resistance of a 3-ft. 
section of rail and that of the bond, respectively. The bond 
may be pronounced in satisfactory condition if 


ee (105) 


while if V be too great its departure from the required value 
may be recorded as 
te 
eee per cent. (106) 

Care must be exercised in making these tests not to damage 
the millivoltmeter by attempting to measure an open bond. 
It is always well to try the bond on a meter with a 15-volt scale 
first and if the drop in potential is found to be within the range 
of the millivoltmeter to make the final reading with the latter 
instrument. 

As this process is a rather slow and tedious one where there 
are a large number of bonds to be tested, various methods have 
been devised for making the tests on a car as the latter is traveling 
over the road. Usually this is necessarily done when the regular 
cars are off the line at night or with very little varying current in 
the rails. The current sufficient to determine the voltage drop 
in rail sections and bonds is fed through the local rail section by 
means of specially designed trucks, the current being controlled 
by a rheostat on the test car. 

If it be desired to learn only the total resistance of the track 
return, this may be determined after the cars are off a section of 
line by passing a measured current through the rails by means of 
a feeder to the distant end of the line and a rheostat at that point 
in series therewith. A second feeder may be disconnected from 
the generator temporarily and used as a potential lead so that the 
fall in potential in the track may be read upon a voltmeter in the 
power station. 

Cross-bonding.—Thus far the bonding of rail ends alone has 
been considered. It is sometimes necessary to provide against 
the greatly increased resistance of the return circuit due to a 
possible open bond by connecting the rails together electrically 
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by means of cross-bonds spaced several hundred feet apart. 
These usually consist of bare copper wire of approximately the 
size of the bonds soldered to the bonds on opposite rails or to 
special single-headed bond terminals forced into the rail web. 
Thus if a bond be open, the return current on that particular 
rail would follow the nearest cross-bond to the other rail and find 
its way back to the original rail at the next cross-bond nearest the 
power station. 

As the bonding of all joints in special track work, such as 
switches, cross-overs, and frogs, would often involve a large 
number of bonds, a heavy cable is often laid around such portions 
of the track and thoroughly bonded to the sections of track on 
either side thereof. 

Cost.—The cost of bonding is extremely variable, depending 
upon the type and size of the bond, cost of labor, etc. The 
following cost data should, therefore, be used with caution. 


TaBLE XX.—Cost or Bonpine! 


Cost per joint 


Labor Material Total 


(a) 2—500,000-C.M. bonds soldered to head 

of third ‘rail a4..3 Sates ete ace $0.66 $1.23 $1.89 
(b) 2—500,000-C.M. pin-expanded concealed 

bonds applied to track rail...........°.. 0.69 2.05 2.74 
(c) 2—400,000-C.M. compressed termina 

concealed bonds applied to track rail... .|........./....... moe 1.90 
(d) 2—000 bonds of same type as (c)........ 0.50 1.00 1.50 


1 “Handbook for Electrical Engineers,” 2nd ed. 


CHAPTER XVIII 
ELECTROLYSIS 


The subject of the electrolysis of underground pipe systems is 
closely allied to that of bonding. Beginning with the rather 
general introduction of the direct-current, street-railway systems 
in the early nineties, with their track return and relatively poor 
bonding, and extending through the rapid development and 
improvement of such systems, the question of electrolysis, its 
cause and prevention, has maintained an important place in the 
discussions of the engineers of gas- and water-works corporations 
as well as the telephone and street-railway interests. 

It has, of course, been known for a long time that if a direct 
current be allowed to flow from a metal electrode, through an 
electrolyte to a second metal electrode, a chemical reaction takes 
place at the expense of the positive plate, 7.e., this plate is actually 
eaten away, the metal removed therefrom forming a salt with 
some of the acid radicals of the electrolyte. During these reac- 
tions which take place similarly when moist earth is the electro- 
lyte it was noticed that hydrogen was given off at the cathode or 
negative terminal while oxygen was liberated at the anode. It 
was supposed for some time that those free gases were formed 
from the decomposition of the water in the earth. When it was 
later found, however, that this action often took place with poten- 
tials between terminals of the order of hundredths and even 
thousandths of a volt, which are not sufficient to decompose water 
and free these gases at their respective electrodes, a further 
study of the problem was undertaken. 

Experiments carried on at the University of Wisconsin and 
recorded in the discussion of a very able paper upon this subject 
presented before the A. I. E. E. by the late Isaiah H. Farnham 
in 1894 demonstrated the fact that with iron electrodes embedded 
in moist earth electrochemical action is substantially as follows: 
Most earths contain salts of alkaline metals. Merely a directive 
e.m.f. of the order of 0.001 volt will cause the acid radical of these 
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salts to beisolated. This radical then attacks the anode. Suppose 
sodium sulfate (Na.SO.) be present in the earth; this is broken 
up by the current into Na and SO, The SO, forms with the posi- 
tive iron electrode FeSO, while the hydroxide of sodium (NaOH) 


is formed at the cathode. When the earth in the neighborhood ~ 


of the terminals becomes saturated with these compounds they 
diffuse toward one another and finally meet in the earth at 
a point easily detected by the formation of a green precipitate 
of ferrous hydroxide and the original salt. This reaction causes 
a local rise in temperature at the point where the precipitate 
forms. The reactions mentioned above, which take place at 
the electrodes, release oxygen gas at the anode and hydrogen at 


Fig. 88.—Direction of current with negative trolley. 


the cathode, the former resulting from an excess of SOx, forming 
an acid with the hydrogen of the water and setting oxygen free. 
The latter is the result of the formation of the hydroxide of 
sodium with water, the free atom of hydrogen from the water 
being liberated. 

The one point of practical interest in this series of reactions is 
the fact that iron is removed from the positive electrode to make 
ferrous sulphate and later ferrous hydroxide, and the size and 
weight of this plate are reduced thereby. This loss of metal 
from the buried plate is proportional to the current flowing there- 
from. Nowif the track return circuit be of high resistance, a por- 
tion of the return current will flow back toward the power station 
on underground pipes and cable sheaths, leaving these conductors 
at points near the power station to complete the circuit through 
the earth or on the rails and negative cables to the switchboard. 
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Since the above chemical reactions take place in the case of 
electric-railway currents leaving water and gas mains and the 
sheaths of telephone cables and entering the earth with values 
ranging from an infinitesimal leakage up to several hundred 
amperes in extreme cases, the importance of the study of the mag- 
nitude of troubles from electrolysis and the remedies to be applied 
is at once apparent. 

In the early days of electric traction the bonding of the track 
and the proper installation of a low-resistance return circuit were 
seriously neglected, as has been explained in the previous chapter. 


WS ~ 


Fig. 89.—Early map of electrolysis in Boston. 


It was also customary at first to connect the negative terminal 
of the generator with the trolley and the positive with the rail in 
many installations, this being just the reverse of the present 
method. ‘These two conditions tended, first, to force a relatively 
large proportion of the current to follow the pipe and cable systems 
in place of the track, and, second, to make such pipe and cable 
systems positive to the rail over a wide area of territory in the 
average city. 

This condition is clearly shown in the accompanying Fig. 88, 
which shows the direction of earth currents, and Fig. 89, repre- 
senting the conditions in Boston, Mass., when the question of 
danger from electrolysis was first seriously considered. At the 
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time this map was plotted from a large number of tests made of 
the voltage between pipe systems and rails, the trolley was nega- 
tive and the rails positive. The shaded area designated as the 
“danger area” represents the territory in which the pipe 
systems are positive to the rails and, therefore, in which electrol- 
ysis might be expected to take place. The large extent of this 
danger area implies a great amount of possible trouble from 
electrolysis and a considerable expenditure of time and money 
for the proper maintenance of tests and the location of serious 
leakages of current. 

A marked advance was soon made, however, in this problem 
when the trolley was connected with the positive terminal of the 
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Fia. 90.—Direction of current with positive trolley. 


generator and the rails with the negative terminal as in Fig. 90. 
This change would naturally limit the danger zone to a compara- 
tively small area near the power station where the current which 
returned on the various pipe lines would leave these conductors 
and pass through the earth to the rails or return conductors and 
thence to the negative terminal of the generator. The effect of 
such a reversal of trolley polarity is obv ous in Fig. 91, which 
represents a potential map of the territory included in Fig. 89 
taken after the trolley of the West End system of Boston was 
made positive. This limitation of the area in which electrolysis 
may take place would usually increase the current leaving the 
pipes at any one place. 

In this connection it might be of interest to note some of the 
results of electrolysis with currents of different magnitudes. 
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Experiments have proved that 1 amp. flowing steadily from 
an iron surface will remove appproximately 20 Ib. of iron in 1 
year, while the same current flowing continuously from a lead 
cable sheath or pipe will eat away 75 lb. of lead in the same time. 
A 48-in. iron water main in Boston was pitted in various places 
to a depth of 9f¢ in. in from 4 to 5 years, the average potential 
between pipe and rails being 8 volts with a current flowing in the 
pipe ranging from 5 to 95 amp. In this case the pipe was about 
214 ft. below the rails of the street-railway company. 


Fig. 91.—Later map of electrolysis in Boston. 


Nor is the trouble confined alone to the points where the 
current leaves the pipe for other conductors. The joints in pipe 
lines often have relatively high resistance as compared with the 
pipe itself and even when compared with the surrounding earth 
in some instances. This is particularly true of the so-called bell 
and spigot pipe which is so commonly used for large water mains. 
At these high-resistance joints the current or a portion thereof 
passes in a shunt path through the earth around the joint. This 
causes an eating away of the iron on one side of the joint only, 
if the current flow is always in one direction. 

Four general schemes are now in use for the mitigation of 
electrolytic effects in metal pipes, cable sheaths, and underground 


structures. 
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The first of these schemes provides for an insulated return 
conductor. This is the most reliable method, because it elimi- 
nates any leakage of current from street-car circuit to ground. 
There are objections, however, to this scheme, including high first 
cost, high maintenance cost, difficulties in insulation, and 
complication at crossings and in car equipment. Under this 
classification of insulated-return-conductor systems are the double- 
trolley system found at present in Cincinnati, Ohio, Key West, 
Fla., and Havana, Cuba, and the underground-conduit system 
as used in Washington, D. C., and New York City. In thiscon- 
nection it might be mentioned that tests made on long lines of 
well-bonded tracks having no intersections to cause complications 
and having the roadbed well drained show that the leakage 
from the rails to earth is almost entirely eliminated because of the 
high resistance of the leakage path. 

Another of the schemes for reducing electrolysis has for its 
basic principle the reducing of current flow in pipes by surface 
insulation of the pipes or by means of insulating or resistance 
joints. Surface insulation of pipes is not very common at 
present. It is open to the objection that, in a positive area, any 
slight failure in the insulation leads to excessive electrolysis 
at one point and consequent pitting of the pipe. No paint, 
treated textile, or tarred paper is absolutely impervious to mois- 
ture. Once moisture has penetrated to the pipe, electrolysis is 
set up and a failure in the insulating covering results, due to 
the pressure of the gas formed by electrolysis. The use, however, 
of such insulating coverings in negative areas is of decided value. 

The use of insulating joints at frequent intervals in a pipe line 
is to be considered as very good practice for reducing current 
therein. On the other hand, from an economic standpoint, on 
account of the high cost of such joints, especially in old pipe 
lines, it may not be deemed advisable to depend entirely on this 
scheme for protection. As an auxiliary protection, however, 
insulating joints judiciously used are very valuable. 

In mitigating electrolysis by ‘‘pipe drainage” no attempt is 
made to reduce the current in the pipes, but rather to provide a 
metallic path forthe current passing out of the pipes. The metal- 
lic path being of lower resistance than the ground path from the 
pipe, little electrolysis will result where such bonding is installed. 
The ordinary method of ‘‘pipe drainage” consists of electrically 
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connecting the pipes and tracks together by metallic bonds at 
places where the pipes are positive to the rails. Another form 
of “pipe drainage” consists of negative feeders running direct’ 
from the bus bars to different points of the pipe system. 

The chief objections to “pipe drainage” are, first, that the 
system is wrong in that its use involves an increase in the current 
in the pipes and a corresponding increase in electrolysis at high- 
resistance joints in obscure and unlooked for places; second, that 
unconnected pipes will be at a higher potential than the bonded 
pipes, thus causing leakage of current between them as indicated 
in Fig. 92; third, that the application of this scheme requires 
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Water Pipe 
Fig. 92.—Current with portion of pipe system bonded to rail. 


that the pipes be electrically continuous for the entire length 
through which current flows; fourth, and lastly, that the remedy 
when applied is not permanent and requires continual attention, 
as the street-railway load may change materially or the pipe 
system may undergo changes which will markedly affect the 
current flow in the pipes. 

“Track drainage”’ possesses an advantage over “pipe drainage”’ 
in that it seeks to remove the cause of the trouble, 7.e., it elimi- 
nates stray currents in place of directing the existing stray currents 
in such paths that they may dono harm. The use of uninsulated 
negative feeders for track drainage has found wide application 
in this country. This scheme amounts to reducing the resist- 
ance of the return circuit. The advantages resulting from this 
scheme are: first, the reduction in potential drop in the rails, and 
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a corresponding reduction in electrolysis troubles; second, the 
saving in power; and, third, the maintenance of a more uniform 
voltage on cars. 

In the insulated negative feeder system, instead of connecting 
the track rails directly to the negative bus bars and thus depend- 
ing on the conductance of the rails and whatever copper may be 
in parallel for conducting the current back to the power station, 
this connection at the power station is either eliminated or made 
through a suitable resistance. Insulated return conductors are 
installed at various points on the track system from the negative 
bus bar or from a negative booster, the other terminal of which is 
connected to the negative bus. Two important results are 
attained by this scheme: First, as the current is drawn from the 
rail at various points, high current densities in the rails are avoided. 
Consequently, the potential gradient in the rail is much reduced. 
Second, by properly designing the negative feeders the potential 
drop in each of the feeders can be made nearly the same, or by 
placing negative boosters in each group of feeders the potentials 
of the rails at the points where the feeders are tied may be made 
nearly the same. In either case the flow of current in the track 
can be subdivided so that the direction of flow will be frequently 
reversed, thus eliminating the possibility of an accumulation of 
large potential differences between widely separated points on 
the track. 

The need of regulation of this phase of electric-railway opera- 
tion is receiving increasing attention from the legislative bodies 
of the various municipalities. Chicago has had an electrolysis 
ordinance for a number of years. ‘The ordinance was recently 
revised. Originally it specified a maximum possible rail drop 
of 25 volts in the city. It now provides for the division of the 
city into three zones. All uninsulated, electric return circuits are 
to be so arranged that between any two points on any uninsulated 
portion of the circuit the sustained maximum difference of poten- 
tial shall not exceed 10 volts in the inner zone, 15 volts in the 
middle zone, and 20 volts in the outer zone. 

Two tests are employed in locating electrolysis trouble, the 
current survey and the potential survey. The current survey 
involves the measuring with a millivoltmeter of the potential 
drop in definite lengths of the pipe under test, and, from these data, 
pipe data, and an application of Ohm’s law, determining the cur- 
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rent flowing in the conductor. The potential survey consists of 
finding the difference of potential existing between the metallic 


> Amperes 
Curve No. 2 


COMPARISON CURVES 
‘ te 3 SHOWING CURRENT VARIATIONS 


NO. 1 RAILWAY CURRENT ON 36 WATER 
MAIN, 24 HRS. 


NO. 2 POWER STATION LOG 24 HRS, 


grounded conductor under test and adjacent rail or other grounded 
metallic conductors. The purpose of this survey is to show 
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where, along the line, it is possible for current to flow from one 
conductor to another. 

As a result of tests made by representatives of the National 
Bureau of Standards it was found that the average potential 
gradient expressed in volts per 1,000 ft. was 0.47 for the insulated 
feeder system and 0.91 for the uninsulated system. The follow- 
ing tests indicate very closely the advantages of the insulated 
system and the reduction in current in pipe lines which may be 
secured by its use. 


Total current re- 
turned by pipe lines 
in amperes 


Uninsulated feeders, pipes drained.............- 847.4 
Uninsulated feeders, pipes undrained............ 275.7 
Insulated feeders, pipes drained................- 86.1 
Insulated feeders, pipes undrained.............. 48.4 


In some cases, question has arisen whether all the current flow 
in pipes and cables and the damage resulting therefrom could 
be attributed to leakage from a railway system. Graphs of tests 
taken simultaneously with station-load curves, similar to those 
of Fig. 93, show conclusively by coincidence of peaks whether 
or not the cause may be charged to any particular system or 
station. 

That the problem of electrolysis and its remedy is no small 
engineering task has been proved by the fact that no complete 
relief has been found after many years of study, although very 
recently much has been done to mitigate this evil. That the 
economic problem involved, especially in the large. cities, is one 
of great moment is indicated by the fact that estimates of cost 
of meeting the new municipal ordinance in Chicago range from 
$3,000,000 to $4,000,000. 

Report of the American Committee on Electrolysis.—The 
most authentic work upon the subject of electrolysis and its 
mitigation resulted from the activities of the American Committee 
on Electrolysis, the personnel of which included representatives 
appointed from all the national engineering and public utility 
associations directly interested in the problem of electrolysis 
acting in cooperation with the Bureau of Standards. 

A preliminary report was made public in 1916, followed by a 
more comprehensive progress report in 1921, from which the 
following authoritative conclusions have been abstracted: 
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Potential Profile of Railway System.—If the cars are uniformly 
distributed along an electric-railway line, and if the track is of 
uniform resistance throughout its fenith: the voltage profile 

_along the track will be as shown in Fig. 94. The curve is a para- 
bola with a vertical axis and its apex at the end of the line. The 
slope of this curve is the measure of the potential gradient. 
If the resistance of the track is known, the potential gradient 
at any point serves as a measure of the amount of the current 
flowing in the rails at that point. 


Maximum Potential 


Station Distance End of Line ——~> 


Fic. 94.—Potential profile of railway system. 


Potential Profile Showing Rails and Pipes without Connections 
between Pipes and Railway Return Circuits.—If there are no 
metallic connections between the rails and the pipes, the potential 
profile of the pipes will be as shown in Fig. 95. 

In the regions remote from the supply station the pipes are 
negative, and near the station they are positive to the rails. 
Ordinarily, the positive area extends from 30 to 40 per cent of 
the distance from the supply station to the end of the line. At 
neutral points where no potential difference exists between the 
pipes and the earth, the stray current in the earth and under- 
ground structure is a maximum. 
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Effect of Feeding Distance on Stray Currents.—The effects of 
the reduction of the feeding distances on stray currents and over- 
all potential drops are illustrated in Fig. 95 and 96. The stray- 
current curves are calculated from the formulas found in 
Technologic Paper 63 of the Bureau of Standards, entitled “ Leak- 
age Currents from Electric Railways.” The various constants of 
the line are shown on the charts. 

Calculations of stray currents have been made for both the 
insulated bus and the grounded bus conditions. The latter 


Station Distance End of Line 


Fia. 95.—Potential profile showing rails and pipes without connections between 
pipes and railway return circuit. 


occurs only when all of the stray current returns to the negative 
bus without reentering the track system, a condition which does 
not ordinarily occur in practice. An approach to a grounded 
bus would be a system where extensive pipe drainage existed 
with a larger portion of the current returning to the bus from 
the underground piping and cable systems. Railway stations 
generating direct current are often located in low grounds or 
on rivers where condensing water is available, and unless special 
precautions are taken to insulate negative cables entering such 
stations they are likely to pick up a considerable current from 
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ie earth, thereby establishing a condition of the semigrounded 
us. 

Figure 96 shows the total current returning to a single supply 
station located at the end of the line. The stray current at 
any point is also shown for the cases of the bus grounded and 
the bus not grounded. By insulating the bus the maximum value 
of the stray current is reduced to 147 amp. from 417 amp. and by 
putting the supply station at the middle of the line instead of 
at the end, and thereby reducing the feeding distance to one-half, 
the maximum value of the stray current with the insulated bus is 
reduced from 147 to about 24 amp. 


Effect of Feeding Distance On 
Stray Current 
\ protal Carrerrt Stet Hon Line Constants 


Re End of Line Length 20,000Ft., Double Track T2# 
Rail, Resistance 0.004 ohm per | ‘\o00ft, 
(lend of 40 Amperes per \000Ft, 
uniformly distributed. 
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Fic. 96.—Stray currents in track return. 


Figure 97 shows the overall-voltage curves for the same line 
fed from the end, from the center, and also from two stations 
located at one-fourth and three-fourths of the distance to the 
end of the line respectively. Shortening the feeding distance to 
one-half reduces the overall voltage to one-fourth of the original 
value and cutting the feeding distance to one-fourth reduces 
the overall voltage to one-sixteenth of the original value. Thus 
overall voltage varies as the square of the feeding distance. The 
curves ‘in Fig. 97 are based on the theoretical conditions that 
with no stray currents the actual overall voltages will be somewhat 
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less because part of the current is in the earth. The dotted lines 
in the Fig. 97 illustrate in a general way the potential of the 
earth and of the pipes under the several conditions of feeding. 
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Fic. 97.—Effect of feeding distance on overall voltages and potential difference 
Pe between earth and rails. 


The shaded portions represent the areas where the earth and 
the pipes are positive to the rails. 
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Fie. 98.—Equi-potential insulated negative feeder system. 


Insulated Negative-feeder Systems—Two arrangements ap- 
proaching equipotential systems are shown in Figs. 98 and 99, 
where four feeders are connected to the track at important 
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intersections and connections are made to the track near the 
station through a resistance. One of the feeders is shown con- 


Fie. 99.—Insulated negative feeder applied to city network of tracks. ° 


nected to the track at two points, a resistance being inserted at 
the point nearest the station. 
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Fic. 100.—Insulated negative feeders applied to interurban line. 


The effect of installing insulated negative feeders within the 
limits of a small town through which an interurban line passes 
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is shown in Fig. 99. Without the use of negative feeders, 
that part of the piping system within the city limits'is shown to 
be positive to the tracks, a condition which is often found in 
practice, although not a reliable criterion as to the degree 
of hazard to underground structures, as pipes are some- 
times positive to the rails and negative to the adjacent earth. 
In some instances where insulated feeders have been applied on 
interurban lines, the positive area has actually been extended 
and no material improvement in the general conditions effected. 
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CHAPTER XIX 
SIGNALS AND DISPATCHING SYSTEMS 


The problem of dispatching cars and of protecting one car 
from another on the same section of the track is largely confined 
to the interurban systems, for in the city railways speeds are low, 
the headway is small, and double tracks are commonly used. 
Cars are, therefore, usually operated as closely as possible on a 
predetermined schedule by the car crews and considerable responsi- 
bility is placed upon them for regaining the schedule time in case 
of delay. In many cities branch-line dispatching is done by a 
starter stationed in the city square or at the junction point of 
branch line and the main tracks. For these reasons, therefore, 
this chapter will be principally devoted to interurban systems, 
although the possible application of a number of signal systems to 
urban car operation will be obvious. 

A complete system of train dispatching by a single dispatcher 
for the entire road does away to a large extent with the necessity 
of signals, other than those under the control of the dispatcher, 
installed for the purpose of attracting the attention of a train 
crew for special orders while en route, or for stopping a car in case 
an error in orders is discovered after the last communication with 
the crew. Most of the signal systems are, therefore, operated in 
conjunction with a dispatching system, to act as a check there- 
upon. Some of the more complete systems, however, are oper- 
ated with little attention from the dispatcher, and the complete 
automatic block-signal system may be practically independent 
of dispatcher’s orders. 

Where a dispatching system is adopted, those signals commonly 
used in steam railroads are occasionally found on electric lines, 
involving the manually operated signals and telegraphic orders 
to way-station agents. Even the “staff”? system which is used 
extensively in England may occasionally be found. This 
is really a combined signal and dispatching system, consisting 
of two electrically interconnected mechanisms, one at either end 
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of a block, which permit a staff to be removed therefrom if 
there be no train in the block ahead. A second staff cannot be 
removed from either of the terminal stations until the missing 
staff has been replaced at the farther end of the line. This 
system not only protects the block but also gives the 
train crew tangible evidence that they have the right-of-way in 
the block. 

The dispatching system most common to electric railways 
uses the telephone for communication between the dispatcher 
and the train crew. Either telephone booths are provided 
at sidings or a portable telephone is carried on each car, which 
may be readily connected with the telephone circuit paralleling 
the track by means of a flexible cable and a two-pole plug switch. 
It is customary to require the motorman to receive the orders 
and write them on an order blank, thus furnishing a carbon copy 
for the conductor. The order is checked by the conductor read- 
ing from the carbon copy to the dispatcher over the telephone. 
This check message is either O. K.’d or corrected by the dis- 
patcher. Although many modifications of this method are in use, 
the telephone is very generally adopted and has proved very 
satisfactory. In fact, a large number of steam-railroad trunk 
lines have adopted the telephone in place of the telegraph for train 
dispatching. 

Such telephone lines should be constructed for dispatching 
only, the business to be transacted between other officials or 
departments of the road being provided for by another line. This 
duplicate line is fully warranted in the interests of safety and the 
avoidance of train delays. Care should be taken also to insist 
upon the repetition of orders, for serious wrecks have occurred 
when the train crews have received but a portion of the order, or 
have mistaken an order given to a crew at the dispatcher’s office 
when the telephone receiver was off the hook for an order intended 
for them. 

Signal Systems.—The present signal systems, which usually 
augment but may replace the dispatching system, have been a 
gradual growth from the single incandescent, five-lamp series 
circuit between trolley and ground to the more elaborate auto- 
matic block signals similar to those used on steam roads, and 


which are now being rapidly adopted by the large interurban 
railroads. 
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For protection against accidents, and in order that the schedule 
may be maintained, it is desirable that the train crew should 
know upon entering a block or certain section of the road: 


1. Whether there is another car in the block. 
2. How many cars there are in the block. 
3. What direction the cars are going. 


The last requirement is, of course, applicable to single-track 
roads only. As a matter of fact, nearly all signals are confined 
to the first class only or the first and the third classes, but very few 
in general use answer the second question. In order to do this 
automatically, complex circuits, which involve difficulties and 
excessive expense in their maintenance, are required. Signals 
displayed on cars are often used to signify that there is another 
car in the same block. 

As to the method of the signal control, commercial signaling 
systems may be divided into four classes: namely, manual, dis- 
patcher’s, intermittent, and continuous track circuit. The 
distinctive features and the application of these systems will now 
be discussed. 

Block Signals.—A “‘block,”’ as defined by the American Rail- 
way Association, is ‘‘a length of track of defined limits, the use 
of which by trainsis controlled by block signals.”” If but one train 
is permitted in a block at a time, the system is known as an 
‘absolute’? block system. Where two or more trains, going in 
the same direction, are permitted in a block at the same time, the 
system is called a “‘permissive-following” block system, and it 
must be so arranged that the “following” trains will receive a 
“caution” signal at the block entrance. Permissive systems are 
often used where the traffic is fairly dense and trains operate at 
low or medium speeds. In order to insure safety, the absolute 
system should be used where the trains are operated at 
high speeds. 

The length of block used varies greatly and depends on local 
and traffic conditions. For heavy, high-speed service, blocks 
vary in length from 2,000 ft. to 2 miles. For interurban service 
they may extend from siding to siding. In general, they must be 
sufficiently long to enable a heavy, high-speed train to stop within 
their limits and yet short enough to permit the smallest headway 
between trains to be used. 
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At the entrance of each block a signal must indicate, both by 
day and night, whether or not there is a train in the block. Such 
a signal is termed the ‘‘home”’ signal. In addition, it has been 
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The TDB System; Showing Effect of Train Movements on Signal Indications. 


Fia. 101.—Block signal effect of train movements. 


found advisable, if high-speed trains are to operate smoothly 
without frequent periods of slow-down, to install an additional 
signal, upon the same standard as the home signal, to indicate 
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the condition of the next block ahead. This signal is termed the 
“distant”’ signal. 

These indications are often given in daylight by means of a 
semaphore and at night with colored lights, although many 
of the signal systems recently developed for use on electric roads 
use light indications for both day and night. In order to make 
the lamps visible in daytime the lamp cases are deeply hooded. 
The use of light lowers the first cost and 
maintenance expense of a signal system and 
has been a great factor in the develop- 
ment of automatic block systems for elec- 
tric railways. The lamps-may be lighted 
from the signal power circuits and where 
the continuous-track-circuit system of con- 
trol is used, if desired the connections can 
be so arranged that the lamps are lighted 
only when the signal is being approached 
by a train, thus cutting down the expense 
for the power and lamp deterioration. As 
considerable trouble has been experienced 
from the use of colored ‘‘bull’s-eyes” or 
signal “roundels” at night upon roads using 
the very powerful headlights, owing to 
reflections from unlighted roundels appear- 
ing as signals, it is believed that if the 
more powerful headlight is adopted the 
semaphore or “position” signal will be 
ultimately very generally used as a night 1. 102.—Semaphore 


arm signal. (Electric Rail- 


signal as well in the more expensive types way Signal Company.) 
of signal systems, as they are sufficiently 

well illuminated by the headlights to permit the accurate read- 
ing of signal aspects.! 

The Chapman automatic signal is strictly a ‘‘semaphore”’ 
signal, in that the indications are given by the position of a red 
arm rather than by lights. The arm and its background are 
illuminated by light thrown from electric lamps in the top of the 
hood. Electric lamps form no part of the indication and are not a 
part of the operating circuit, nor in series with the line. 

Higa, C. F., and Topping, A, N., “Headlight Tests,” Trans. A. I. 
E. E., vol. 29. 
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In some types of semaphore signals three angular positions are 
used, a 45-deg. position indicating “caution”? and a vertical 
position “proceed” or “‘clear,” aside from the horizontal or 
“danger” indication. The corresponding signals at night are 
usually red for “danger,” green for “clear,’’ and yellow for 
“caution,” although the latter two colors vary somewhat for the 
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Fia. 103.—Standard three-position signal aspects. 


different roads. While in steam-road signaling one of the right- 
hand quadrants is usually used, the overhead distribution system 
of the electric railway practically compels the use of one of the left- 
hand quadrants where semaphore signals are used. The A.E.R.A.! 
has adopted as standard a three-position signal operated in the 
upper left-hand quadrant with signal aspects as shown in Fig. 103. 
Figure 104 illustrates a semaphore signal manufactured by 
the Union Switch & Signal Co. In two-position signaling, 
1 PrOGwA tL) Lea LO: 
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the semaphore when in horizontal position indicates “stop,” 
while the “proceed” or “clear” signal is usually indicated by a 
60-deg. angle from the horizontal. 

As the train arrives at the entrance of a block the home signal 
denotes the condition of the first block and the distant signal 
that of the second block ahead. With both at “stop,” the two 
blocks ahead are occupied and the train stops. With the home 
signal at “clear” and the distant signal at “‘stop,’’ the first blockis 
clear and the second occupied. The train may enter the block 
under control. With both signals at ‘‘clear’’ the engineer 


Fic. 104.—Semaphore signals, proceed and stop positions. (Union Switch 
and Signal Company.) 


knows that two blocks ahead at least are clear and he many enter 
the block at full speed. The distant signal at the first block and 
the home signal of the second block are so interlocked that the 
former cannot move to “clear” until the latter has attained a simi- 
lar position. Upon the entering of the first block under control 
with the distant signal at “stop” it is expected that the next home 
signal will be at “‘stop.’’ Since, however, the signal may have 
changed before the train reaches the second block, it is often 
advisable to install a second distant signal within safe stopping 
distance of the second block. This is especially true if the second 
block signal is not readily seen at some distance, since it avoids 
slowing down if the second block has been cleared in the meantime. 
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While it is unnecessary to describe in detail the operation of 
the semaphores and colored roundels in their various forms, it 
may be said that their movement is accomplished by means of 
mechanical levers and bell cranks. These levers are operated 
either electrically by means of solenoids or series motors, or 
through the agency of gas or air pressure in the base of the sig- 
nal. The control of the local apparatus at the signal by means 
of electric relay circuits is, however, of greatest importance and 
will be explained in detail later. 

Manual-control Block System.—Probably the most simple 
arrangement used as a signal, and one to which several roads have 
returned after trying the more nearly automatic types, is that 


Trolley 
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Fie. 105.—Simple lamp signal. 


shown in Fig. 105. This consists of a series of five incandescent 
lamps connected as shown by means of a double-throw switch 
between trolley and ground, two of each group being located at 
one end of the block and three at the other. The group of three 
lamps is placed behind a white or green lens and the two-lamp group 
provided with a red lens. Upon entering the block the circuit is 
closed by means of the switch, which lights a red light at the 
opposite end and a white or green light at the enteringend. Upon 
arrival at the other end of the block the lights may be switched 
out and the circuits are such that the lights may then be lighted 
from either end. An extra circuit duplicating that of Fig. 105 
should be provided, however, for operation in both directions. 
The advantages of this signal are its simplicity and the necessity 
of one of the crew leaving the car, when stopped, to operate the 
signal switch. Its disadvantages are that the signal lights may 
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be extinguished and the signal reversed from either end with 
a car still in the block, and if the switch be accidentally 
left in the ‘‘off” position the signal cannot be operated from the 
other end. This system is, of course, suitable for use only on 
roads on which the cars are operated at low speeds and where the 
traffic is relatively light. 

Another type which has been used in the past to a considerable 
extent on steam roads and which has been installed on a few elec- 
tric roads makes use of block section} at the end of which are 
located block-control stations or ‘‘cabins.”” An operator stationed 
in one of the cabins receives information concerning the condi- 
tion of a given block by means of the telephone or telegraph from 
the operator at the other end of the block and sets the signals 
accordingly. As the safety of operation depends upon the accu- 
racy of the human element in the system, it is being rapidly dis- 
placed by other systems. Also, it is very costly to operate. 
When the operators receive instructions direct from the train dis- 
patcher, this system becomes a type of dispatcher’s control system. 

Controlled Manual Block.—This system is, in general, similar to 
the manual-system just described, except that the signals are elec- 
trically interlocked, so that if the signal at one end of the 
block indicates danger the signal at the other end cannot 
be made to indicate “clear.” The ‘“‘staff’? system described 
on page 241 is another form of controlled manual block. 

Dispatcher’s Control System.—The common form of this 
system employs signals located at sidings, stations, and other 
points along the line at which the dispatcher may wish to com- 
municate with a train crew. ‘These signals are selectively oper- 
ated by synchronous impulses sent over lines connecting the 
signals with the dispatcher’s office. The dispatcher can stop a 
train at a desired point by operating the signal located at that 
particular point. Communication between the train crew 
and the dispatcher’s office is obtained by means of a telephone 
system as described on page 242. 

Interlocking System.—The underlying principle of interlocking 
requires that, before a signal can be cleared for the movement of 
a train, all switches, derails, and frog points, over which the sig- 
nal governs the train movement, shall be in proper position and 
locked. To secure such protection for train movements it is 
desirable to concentrate the control of the various signals and 
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switches at one point. ‘The mechanism in which this concentra- 
tion of control is secured is called an interlocking machine. 
The machine consists of small hand-thrown levers, compactly 
located in a frame and arranged for the operation of the circuit 
controllers, but restricted in their movements by both mechanical 
and electrical locks. The machine provides for the control 
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Fie. 106.—Power interlocking machine, with track model. (Union Switch 
and Signal Company.) 


of as many switches by a single lever as is practical without 
limiting possible simultaneous traffic movements. For example, 
both ends of a cross-over are controlled by a single lever; also 
opposing signals, only one of which can be cleared at a time, 
may be controlled by the same lever. Safety as well as 
simplicity are secured by a single lever controlling conflicting 
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signals, as the interlocking of these is obtained through lever 
movement and not by means of the dogs and locking mechanism 
which would be required were a lever used for each signal. 
Intermittent Control Signals.—Elaborating upon the principle 
of the simple lamp signal (Fig. 105) and adding various auto- 
matic features, several companies have developed signal systems 
for both single- and double-track roads which have been widely 
adopted. A representative type built by the United States Signal 
Company will be described. It operates from the trolley circuit 
and consists of one signal box and trolley switch at either end of 
the block connected as in Fig. 107 and requiring two wires 


Fig. 107.— United States signal. 


throughout the length of the block. A car entering the block at 
A makes a momentary connection between the trolley wire and 
wire No. 4, as the trolley wheel operates the iron-tongue switch 
mounted on the trolley wire. This momentary connection, 
closing the circuit to the ground through a relay and a suitable 
resistance, completes the permanent circuit connecting the trolley 
wire through No. 1, the green lamp at A, the signal line wire, the 
red lamp at B, through resistance in box B to ground. Other cars 
entering at A do not change the signal setting, but a car leaving 
the block at B energizes wire No. 5 through the agency of 
the overhead trolley switch and trips the relay which extin- 
guishes the red light. A car entering at B performs the reverse 
operation, lighting the green light at B and the ted signal at A. 
The boxes and the switches are, therefore, interchangeable. 
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Red and green discs are displayed in some types of this signal for 
day use, although the lights are commonly used as day signals 
as well. This type of signal has given a fair degree of 
satisfaction although its maintenance expense is high, especially 
because of the damage by lightning. In fact, it is very difficult 
to design a signal operating upon a grounded circuit which will 
not be seriously affected by lightning. The widely varying 
voltages on the various sections of the average interurban lines 
also introduce difficulties in the design of signals to be operated 
from the trolley circuit. It should be noted that in this system 
the motorman is assured that the red signal has been displayed 
at the farther end of the block if the green light appears 
at theenteringend. This fact is seldom determined by the steam- 
railroad engineer who relies upon the automatic block signal to 
give the danger indication without actually observing the signal 
movement himself. It should also be noted that the car controls 
only as it enters or leaves the block and that while within the 
block it has no control over the signals. 

On account of its comparatively low first cost, the intermittent- 
control type of signal has been used quite widely in both interurban 
and suburban service in the past. Present practice, however, 
seems to tend toward using it in suburban service only. 

Some of the more recent types allow permissive following move- 
ments by adding a device which counts the cars ‘‘in”’ and “‘out”’ 
of a block and does not permit the signals to return to ‘‘clear’”’ 
until all cars have been counted out. The signal aspects also 
conform to the latest recommendations of the A. E. R. A., namely:! 


Red: Stop, do not operate trolley switch. 

Green: Proceed by trolley switch to operate signal. Proceed if green 
aspect changes to red light over yellow light on passing trolley switch. 

Red and Yellow: Block is occupied by a car running in the same direc- 
tion. Proceed by trolley switch and if yellow light changes to the 
opposite side of the red one, proceed under control. 


To give these aspects or indications four lamps are required, 
one green, one red, two yellow. The yellow lamps are arranged 
side by side just below the red one. 

A similar system of trolley-contactor type of light signals, 
providing three indications, is illustrated in Figs. 108 and 109. 
The details of the installation upon the pole, the track and 
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trolley connections and the possible indications will be obvious 
from the figures. The signals give three indications: 
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Fia. 108.—Details of signal mounting and wiring for wood and steel poles 
type C. D. Signals. (Nachod Signal Company.) 

1. No Light, No Disc: Neutral indication. Dark, blank, 

normally displayed when the block is not occupied. It means 
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that the car is free to proceed under the contactor to take the 
block. It is equivalent to having no orders. 

2. White Light, White Disc: Permissive indication. It means 
proceed through the block: the opposing signal has been set to 
stop. It is equivalent to orders to proceed. 

3. Red Light, Red Disc: Stop indication. It means stop and 
wait behind entering contactor until indications return to neutral. 
It is equivalent to orders to stop. 


Fic. 109.—Overhead contractor, directional type. (Nachod Signal Company, 
Ine.) 


Steam-railroad Practice.—As the track-circuit block-signal 
systems used with electric roads have been patterned after the 
more simple steam-railroad installations, a description of the 
latter will aid in understanding the former. The two rails 
(Fig. 110) for a block in length are insulated from one another 
and also from the adjacent rails of neighboring blocks by means 
of insulated rail joints C. The various rail lengths of a single 
block are bonded together in a manner similar to that described 
in Chap. XVII, but with much smaller wire bonds. A gravity 
or storage battery D of 1 or 2 volts e.m-f., located in a 
manhole below the frost line, is connected between the rails at 
one end of the block. At the other end of the block a sensitive 
relay R is connected across the two rails. This relay is usually 
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mounted in the base of the signal tower and thereby protected 
from the weather. Where thereisno train in the block the battery: 
supplies current to the relay by way of the two rails and the signal 
is held in the ‘‘clear” position. As the first trucks W of a train 
enter the block, however, the wheels and the axles short circuit 
the relay and it opens, closing the local circuit, which throws the 
semaphore and colored roundels into the “danger” aspect. The 
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Fie. 110.—Perspective of track circuit.! 


signal is locked in this position until the movement of the last 
truck of the departing train from the block removes the short 
circuit, closes the relay, and clears the signal. 

Such is the very simple circuit and mechanism of the automatic 
block signal for steam railroads, and although its first cost has been 
sufficiently high to render its adoption rather slow, its mainten- 
ance is not excessive and its positive operation is to be depended 
upon. In fact, in one instance but one failure to operate 

1 Reproduced from General Railway Signal Company Publication. 
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in 250,000 was the record of operation on a large signal system 
during the period of a year. 

Track-circuit Block Signals.— With the electric railroad, which 
makes use of the track rails for the return of heavy currents to 
the substation or the power house, the problem becomes a more 
difficult one, as the rails are no longer free for sectional insula- 
tion asin steam roads. One method of overcoming this difficulty 
which would naturally suggest itself is to use one rail for signal 
purposes and the second rail for the return of power current. 
The further use of the alternating current for the signal relay 
would permit selective operation of the latter without interference 
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Fie. 111.—Single-rail alternating-current block signal. 


from the power current, Such a system is successfully used in 
the New York subway, its principle of operation being illustrated 
by Fig. 111. 

By referring to this figure it will be seen that one rail, termed 
the “block rail,” is insulated in sections one block in length, con- 
stituting a circuit for signal current only. The other rail carries 
the current from the trains and also acts as a common return 
circuit for the signal system. Alternating current for the signal 
circuit and also for the signal lamps is supplied through trans- 
formers from single-phase, alternating-current mains paralleling 
the tracks. If the power current is flowing in the return rail from 
left to right, the voltage between rails at B will be slightly less 
than that at A, due to the fall of potential in the rail. This will 
cause some of the direct current to pass through the relay con- 
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nected between the rails at A, thence through the block rail and 
the transformer secondary to the return rail at B, the latter 
forming a high-resistance shunt path to the length of return rail 
AB. In order to limit the amount of this current which would 
otherwise produce a unidirectional magnetic field in the relay 
and the transformer, high non-inductive resistances are inserted 
in series with the relay and transformer secondary and a react- 
ance coil shunted across the relay. While the direct power cur- 
rent following the block rail will pass freely through this reactance, 
the signal alternating current will be prevented by the impedance 


Fig. 112.—A New York subway signal installation. 


of the reactance coil from taking that path and will, therefore, 
pass through the relay. As an additional precaution in the case 
of the transformer, an air gap is introduced into the magnetic 
circuit to reduce to a minimum any magnetic flux which might 
be produced by the relatively small-leakage direct current. 

With these added precautions the relay system operates 
exactly as in steam-road equipments, except that the relay must 
be of the alternating-current type. A relay depending upon 
torque ‘produced by eddy currents induced in an aluminum dise 
being acted upon by the magnetic field set up by the current in 
the relay has been adopted for this purpose. 
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In the New York subway installation of this system the 
alternating-current distribution is at 500 volts and 60 cycles, the 
track transformers stepping the potential down to 10 volts, while 
the signal lamps are operated at 55 volts. The resistance of the 
track and signal circuit is such as to impress approximately 5 
volts upon the relay. The power factor of the circuit is in the 
neighborhood of 80 per cent and the power taken by an average 
block but 80 watts. A typical installation is represented in 
Fig; 212, 

Block Signals for Alternating-current Roads.—When the 
problem of equipping electric roads operating with alternating 


Fig. 113.—Impedance bond. (Washington, Baltimore & Annapolis R. R.) 


current in the track rails arose, it may be readily seen that still 
further difficulties were encountered. The problem was fairly 
well solved, however, by the development of the two-rail signal 
system making use of impedance bonds (Fig. 113), and this 
solution marked the beginning of a new era in the development of 
the new railway signal systems. Practically all of the automatic 
block signals which are being installed on both alternating- and 
direct-current railways at present are of this general type. They 
are being installed on a number of steam roads, the high battery- 
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_ maintenance expense of the older type of steam-road signals 
more than offsetting any disadvantages possessed by modern 
alternating-current signals. The fact that state laws in some 
states require the installation of the automatic block signals of a 
type satisfactory to their railroad commissions on all railroads 
operating within their limits has done much to hasten the develop- 
ment of a cheap and reliable automatic block signal operated 
with track-circuit control. 

The principle of this type of signal system, similar to that 
operating on the single-phase terminal electrification of the New 
York, New Haven & Hartford R. R. in New York, is illustrated in 
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Fie. 114.—Double-rail alternating-current block signal using inductive bonds. 


Fig. 114. It will be seen that each rail is insulated at the ends 
of the block, as in steam-railroad practice, but inductive bonds of 
sufficient current-carrying capacity to carry the train current 
are installed between the rails at AB and HF. ‘The middle points 
of the adjacent bonds are connected together, so that there is a 
complete electrical circuit from train to power house by each rail, 
this circuit involving one-half of each bond at every block. This 
connection tends to neutralize the e.m.fs., due to the power cur- 
rent, which are set up in the inductive parts of each bond. These 
bonds are carefully designed so that their counter e.m.f., due to 
any unbalancing of the power current in the rails, will not be 
great at the frequency of 25 cycles or below, at which the train 
motors operate, but will be sufficiently great to produce a useful 
difference of potential between the rails in the signal circuit 
which is operated at 60 cycles. In other words, a very interesting 
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application is made of the theory that the reactance of a coil is 
proportional to the frequency and the bonds are, therefore, 
designed to operate upon one frequency only. 

The immediate source of power is the transformer, as in the 
single-rail system, but in this case the power current is sufficiently 
well balanced in the two rails to prevent unbalanced currents flow- 
ing in the transformer and the air gap in the magnetic circuit is, 
therefore, omitted. The transformer is designed with a relatively 
high leakage factor, however, in order that the current may not 
be excessive when the secondary of the transformer is short cir- 
cuited by the train in the block. It will be noted further that, 
for the above reasons, the auxiliary resistances and reactance 
shunt across the relay may be omitted. 

With these changes and a slight change in the design of the 
relay, the system operates as in a single-rail design. ‘The direc- 
tion of the power current is shown by full lines and that of the 
signal current by dotted lines in Fig. 114. 

Single-track Signaling.—The continuous-track-cireuit signals 
just described were developed for use on double-track roads. 
Suitable signals of this type for use on single-track roads are a 
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Fria. 115.—Single-track signals with preliminary track circuits. 


very recent development. On a single-track road the block signal 
must guard against both following and opposing movements. 
The system must be an ‘‘absolute,” or “permissive” for following 
movements. 

The signals on a single-track road are controlled by relays 
similar in design to those used in double-track systems, the differ- 
ence being rather in arrangement of the apparatus and connec- 
tions than in the fundamental apparatus. Figure 115 shows the 
arrangement of the signals in a single-track block system, manu- 
factured by the General Railway Signal Company, which is being 
used on a number of interurban roads at present, and illustrates a 
method of diagramming signals which is commonly used by signal 
engineers. 
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A typical installation of this type is shown in Fig. 116. The 
line WE represents the track. Three sidings with centers at A, 
C, and E are shown. The block length is AC (or CZ). The 
dashed lines parallel with the track indicate the controlling limits 
of the various signals, 7.e., a car on the track under the dashed 
line causes the signal to which the dashed line is connected to 
operate. Ends of track circuits are indicated by short lines drawn - 
at right angles across the track. The track between the right- 
angle marks at the sidings is not connected to the signal system. 


ae << Shae 


Fie. 116.—Typical installation, single-track signal. (General Railway Signal 
Company.) 


The various signals are 1, 2, 3, etc. Pairs of signals, such as 1 
and 2, are, of course, mounted in a single lamp housing located 
either on a pole line or a special signal mast; the signals, however, 
are shown pointing in the direction of the traffic which they 
control. Since this system permits following movements, three 
lamps are required. The sections AB, CD, etc., are known as 
“preliminaries.” Their function in this particular system is to 
guard against the possibility of two opposing trains entering a 
block at the same time or instant and thus neither one getting a 
stop indication. The length of these preliminary sections 
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depends on the distance covered by a train in making a service 
stop and varies from 1,000 to 3,000 ft. 

The operation of the system is briefly as follows: 

Assume an eastbound train approaching A. If the block AC 
is empty, signal 2 will indicate clear or the green lamp will be 
lighted. As the train passes A the green lamp will be extinguished 

_and the yellow lamp will be lighted, giving a permissive signal to 
a following train. At the same time signal 3 indicates red, thus 
blocking all opposing movements at C. The block indicator b, 
which is a sort of distant signal placed at the beginning of the 
preliminary section, is lighted whenever the block AC is occupied. 
A westbound train entering the preliminary CD causes signal 2 
to indicate the red but does not affect 3 until it reaches C. Thus, 
if a westbound train passes D at the same instant as eastbound 
train passes A the eastbound train will not receive a danger indica- 
tion but the westbound train will be stopped at C. In order to 
facilitate the switching operations a special device controlled by 
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Fie. 117.—Single-track signals with intermediate signals. 


the track circuits and known as the switch indicatoris used. This 
indicator is placed at each switch and shows whether or not the 
block is clear. If desired, three-position semaphore signals may 
be used in place of the eh. 

Another type of signal (Fig. 117), manufactured - the Union 
Switch & Signal Co., which is being installed on a number of 
electric railways, fake use of “‘intermediate signals’ instead of 
preliminary track sections to guard against opposing trains 
entering a block at the same instant. It also permits following 
movements. 

This system is indicated as using semaphore signals, although 
light signals may be used if desired. Only one track circuit per 
block is used and it is fed from the center. Two track relays, 
one at each end of the block, are used. A car entering at A causes 
danger indications to be shown at signals 2, 3, and 5. If both 
cars entered the block at the same instant they would not get 
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the danger indications at the home signals 2 and 5, but would be 
blocked at 3 and 4, which are staggered enough to permit both 
trains to come to a stop without colliding with each other. 

The permissive-following indications are secured in the follow- 
ing manner: A car entering the block at A does not cause signal 4 
to indicate until it is near the center of the block. The electrical 
connections are such that acter signal 4 has been operated by an 
eastbound train signal 2 will change from the danger to the per- 
missive indication, thus allowing the second train to enter the 
block under control. 

Figure 118 shows the layout of signals on a typical block, with 
contactors on double track. The signal is located along the single 
track near the switch point, with a setting contactor one or two 
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Fie. 118.—Signal layout, contactors on double track. (Nachod Signal 
Company.) 


spans back of the signal. This arrangement permits the motor- 
man, before passing the signal, to observe the change of the signal 
indications caused by the passage of his car under the contactor. 
Placing the trolley contactor on the double track instead of the 
single track enables him to take the block before he passes the 
switch point into the single track, and obviates any possible back- 
ing through the switch point. The clearing contactor is located 
in the other track at such a point that the trolley wheel touches 
it immediately after the car is in the physical clearance. ‘This 
usually requires the clearing contactor to be nearer the frog than 
the setting contactor. The trolley contactors are directional, 
or have a sense of direction, so that the car entering a block under 
any contactor ‘sets the signals of that block, and backing out 
again under the same contactor clears them. 

Cab Signals.—As stationary signals are sometimes obscured 
by smoke, steam, fog, or blinding storms, and as train crews are 
not infallible but will sometimes overlook a danger signal even 
when the indication is very clearly given, much effort has been 
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expended in trying to develop a satisfactory cab signal. One 
type has already been described. A number of other types are 
being tried at present. In general, these signals are controlled 
by track circuits similar to those used with stationary signals, 
use being made of a third-rail section or other form of contact 
device to communicate the indication to the cab signal. The 
development and the installation of a satisfactory type of cab 
signal will go a great way in solving the problem of safe train 
operation. 

Highway Crossing Signals and Flagman.—These signals are 
designed especially for electric railways and are both controlled 


Fra. 119.—Nachod highway crossing signal. (Milwaukee Electric Railway and 
Light Company.) 


and operated by the power from the trolley wire. As the power 
supply is not limited, therefore, various moving-part aspects, 
such as a red disc, a ‘“wig-wag” carrying a light and swinging 
like a pendulum, or the ringing of a bell, are available. The 
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signals are heavily insulated against lightning and other acciden- 
tal high voltages which occur in a trolley line. The various 
elements are separately insulated from the ground, so that a 
breakdown in insulation of one element will not affect the other 
warning elements. Where a number of warnings are given they 
are separate and independent. The signalsare governed by space 


Fia. 120.—Three aspect flagman. (Union Switch and Signal Company.) 


interval and not by the time interval. The warning is given at 
the starting contactor when the car reaches the danger zone, and 
is discontinued at the stopping contactor at the highway the 
instant the car is out of this zone. In some systems the bell 
will ring for so many seconds, it being presumed that the ear will 
have. passed the crossing by that time. This time is usually 
made longer than necessary. 
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Under normal conditions this flagman indicates the approach 
of a train by swinging the red banner upon which appears the 
word ‘‘Srop,” and displaying a red light attached to the banner. 
When no train is approaching, the banner is held to one side 
between two screens, upon which is painted “Loox and LisTEN,” 
and the lamp suspended from the banner is not ughted. 

Automatic Train Stops.—Some of the elevated railways have 
used automatic train stops for a number of years. . While desir- 
able for all classes of service, they are particularly useful 
where trains must be operated at high speeds and small head- 
ways. One type of automatic stop consists of a projecting 
arm outside of the right-hand rail which is controlled by the 
track circuit and is raised when the signal indicates danger. 
This engages a rocker arm on the locomotive or first car which 
operates the air brakes if the train moves past the block entrance. 
Some of the roads using automatic stops have found that the 
installation of the stops greatly increased the alertness of the 
train crew and made for better discipline, because the stopping 
of a train by means of the automatic stop is in the nature of a 
demerit charge against the train crew. 

Headway Recorders.—Unwarranted layovers that. result 
in irregular schedules, unnecessary high speeds, damage to equip- 
ment, waste of power, and dissatisfaction of the patrons may 
be avoided by» the use of automatic headway recorders. 
These automatic headway recorders deliver each day in a graphic 
form a complete history of all car movements at points of installa- 
tion during the 24-hr. period preceding. A car passing under the 
contactor prints a mark on a clock-driven chart, the location of 
which mark shows the time of its passage. The chart shows all 
cars both ways for a whole day. 


CHAPTER XX 
TRACK LAYOUT AND CONSTRUCTION 


The electrical engineer of a proposed electric interurban rail- 
way is often called upon to determine the right-of-way and super- 
intend the track survey and construction, although in the large 
city systems or extensive interurban developments a technically 
trained civil engineer is usually given this responsibility. In 
either case the electrical engineer should be familiar with such 
general features of the problem as may be herein outlined. 

Right-of-way.—After several proposed routes have been 
suggested for the new railway, possibly with the aid of rough 
preliminary surveys for each, and detailed notes taken of the 
advantages and disadvantages of each, involving the topography 
of the country, the number of intermediate towns and the amount 
of tributary population served, possible schedules, etc., it is neces- 
sary to decide upon one route. This is usually determined by 
the officials of the company in conference with the engineer. 
With this decision in mind, the problem of obtaining the right-of- 
way presents itself and it is often policy not to make the above 
decision public until after the greater portion of the right-of-way 
has been secured. In fact, it has sometimes been found advisable 
to propose publicly two possible routes and even go to the extent 
of purchasing options on land along each in order that an element 
of competition may enter, preventing land and options from 
assuming exorbitant values along the desired route. 

Great diplomacy must be exercised by the advance real estate 
agent in order to secure the desired route at a reasonable figure 
and without too many concessions, which often complicate the 
schedules and embarrass the company when operation begins. 
It must always be remembered that much of the future traffic will 
come from those with whom these preliminary negotiations are 
made. 

If satisfactory locations cannot be secured, either because of 
opposition to the proposed road or too high prices being placed 
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upon the land, right of eminent domain may be secured through 
the court and certain sections of the route condemned and there- 
by purchased at a value appraised by the court or a commission 
appointed by the court. As this proceeding makes public the 
proposed route and prejudices some against the company, it 
should be avoided if possible, but if found necessary, it should be 
postponed until the remainder of the land has been secured. 

It will be noted that the above discussion presupposes a private 
right-of-way for the road. Such a route is generally much to be 
preferred, except within the limits of intermediate towns, and 
even in the latter case a route but a few blocks from the center of 
town on a back street with little traffic, where speeds may be 
fairly high and frequent curves avoided, should be given serious 
consideration. In some instances interurban railroads run for 
miles along country roads, but it is usually done at the expense of 
low schedule speeds and high maintenance charges, due to restric- 
tions often imposed by town boards and street commissioners, not 
to mention frequent and serious accidents. A slightly larger first 
cost for a private right-of-way is justified in most cases not only 
from the standpoints of schedule, safety and independence from 
ordinances stipulated by outsiders, but from the purely financial 
consideration as well. 

A right-of-way at least 100 ft. in width should be secured to 
allow for possible double track with necessary cuts and embank- 
ments provided with-adequate drainage ditches. Such a strip 
of land averages 12 acres to the mile. 

With the route approximately determined and the right-of- 
way secured, a final survey should be made to locate the exact 
line for the track and to determine the profile. With the exact 
profile plotted, the grade line may be drawn consisting of an 
average line through the profile representing a series of grades, 
with none exceeding 2 per cent if possible, and with as close a 
balance between ‘“‘cuts”’ and “fills” as may be secured in order 
that. the haul for excavation and embankment may be a mini- 
mum. While grades as high as 7 or 8 per cent sometimes exist 
on interurban roads, it will often be found that when the first 
cost of the extra-heavy car equipment and possibly the station 
equipment necessary to operate on these grades, together with the 
annual cost of extra power required, are balanced against the 
fixed charges on the extra cost of reducing the grade by means 


TRACK LAYOUT AND CONSTRUCTION 269 


of a deeper cut or a slight change of route, the latter policy would 
have been the better of the two. 

Before accurate estimates can be made or contracts let for 
preparing the subgrade, it will be necessary to learn something 
more of the character of the subsoil. It will be assumed that 
the general nature of the country and its geological formation 
were carefully noted during the preliminary survey, since the 
decision of the proper route depends largely upon such a study, 
especially when a river is to be paralleled and possibly bridged 
occasionally. It is now necessary, however, to have test borings 
made as deep as the deepest proposed cut at intervals along the 
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Fia. 121.—Typical interurban roadbed construction. 


line sufficiently frequent to obtain a good idea of the type of 
excavation to be expected and the necessity of driving piles or 
installing mattress concrete or timber in case of possible quicksand. 
A contract can usually be placed for such borings with their 
results either represented to scale on a drawing for each station 
or, better, by a glass tube filled to scale with the various strata 
of subsoil found. 

With this information at hand, a series of cross-sections at 
right angles with the base line at stations 100 or 200 ft. apart, or 
possibly less where the profile is very irregular, may be made and 
the volume of excavation and embankment calculated. A list 
of cut and fill expressed in cubic yards of each type of subsoil 
from solid ledge to soft clay may then be made for each mile of 
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road and estimates readily calculated and contracts signed. 
Typical sections of cuts and embankments will be found in Fig. 
121, while estimates of their respective costs in the South will 
be found at the end of the chapter. These latter values vary 
greatly with local conditions and are usually based upon a cer- 
tain maximum length of haul between a cut and the correspond- 
ing fill into which the excavated material may be deposited. 

A certain area of so-called ‘free haul” is established which 
may vary somewhat for the various stations along the proposed 
line. This “free haul,’”’ which is a convenient unit upon which to 
figure contract estimates and bids, is based upon the distance 
within which excavation may be balanced against fill, due allow- 
ance being made for shrinkage of the latter. Contracts and 
bids usually name a price per cubic yard for grading within the 
‘free haul”? area and an additional price per unit for all “over- 
haul.” The “overhaul”? is determined by subtracting the 
“free haul” from the distance between the centers of gravity 
of the remaining excavation and final embankment. 

Excavation and grading may be undertaken in connection 
with small jobs with the use of hand shovels, wheelbarrows, 
scrapers, and wagons. Although the unit cost may be higher 
than for larger contracts, the smaller volume handled may 
warrant the selection of this method. For such work as the 
construction of anew interurban line, however, power shovels 
and industrial narrow-gage railway trains hauled by dummy 
locomotives would usually be warranted. A figure presented by 
the Lake Shore & Michigan Southern R. R., quoted by Richey,! 
covering the cost of grading third and fourth track for the above 
road with a haul not exceeding 5 miles, is given in the following 
table. This includes loading, unloading, and leveling ready 
to lay ties, and covers both labor and supplies. It is, however, 
exclusive of interest, depreciation, explosives, and overhead 
charges. 


TaBLE X XI.—Cost or GRADING 


Gravel pits with 15 ft. face............... $0.11 cu. yd. 
Harth cuts 3 tod0 ft deeps. 2. a. sneer 0.15 cu. yd. 
Shale cuts; all’blasted=eecw ann a-1eroene eae 0.21 cu. yd. 
Rock cuts, requiring blasting and breaking 

Lh RE ER tad Cae Slat: yee Care 0 60.0 0.25 cu. yd. 


1See Ricuny, ‘Electric Railway Handbook.” 
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The labor and supplies in the above table are based on the 
following units: 


LNG Se oo ougS Says Goat ete nee oe $75.00 per month 
loMOMUEEbS Ss Cas BOR an aoe ee ee 0.15 per hour. 
Steam shovel crew (8 men, 10 hours)........ 25.00 per day. 
Train service, fabor and supplies............ 28.00 per day. 


Trestles.—In localities where low elevations must be spanned, 
and especially where the subsoil is of questionable bearing capac- 
ity, the choice between wooden trestles, structural steel, and 
masonry is often made with difficulty. The Engineering News 
sets forth the following arguments in favor of wooden trestles for 
preliminary construction at least. These are particularly force- 
ful, of course, in sections where timber is cheap. 


A well-built timber trestle, while it lasts, is a very solid and safe 
structure, and it lasts normally in good condition for from 5 to 10 years 
while much hastily built masonry gives out in 1 or 2 years. 

There is more time to determine accurately the size of opening needed 
and thus avoid needless washouts; besides, well-built timber structures 
are less likely to wash out suddenly. 

The time of construction is shortened materially, often an important 
consideration. 

The masonry, when at last built, is almost certain to be better built 
and of better stone. Haul, then, is of less importance and there will 
be more time to secure good materials. The roads are few on which 
any large proportion of the original masonry is in good condition after 
10 years. This is especially true of the smaller structures, such as 
cattle guards and open culverts, which are often so poor as to shake 
to pieces in a few months. The lesson that the smaller the structure 
the larger and better dressed must be the stones composing it, if it is 
to be durable, is one which engineers are slow to learn. 

It is easier to introduce long and high fills afterward to be filled by 
train, or replaced by masonry or iron, and thus to secure a better align- 
ment and avoid rock cutting or other objectionable work. 

A very large part of the total cost of the line in its permanent form 
is postponed for-6 to 8 years past the trying years of early operation, 
thus not only saving the interest on the cost of the permanent work but 
going far to protect the company from the danger of early insolvency, 
which has proved so deadly to many overconfident companies. 

The only necessary disadvantages are the liability to decay and fire. 
To guard against the former is a mere question of inspection. | The 
danger from fire is a real one and every year has its record of accidents 
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resulting therefrom, but if the danger is real it is small. There are few 
such accidents and those mostly from gross carelessness. In proportion 
to their number, accidents from iron structures have been vastly more 
numerous and more fatal, and the same is true in substance of small 
masonry structures where the great liability to washouts is a serious 
matter. 


Ballast.—It is safe to say that the experience of interurban 
roads which have been operating for some time demonstrates the 
fact that money expended in first-class subgrade construction and 
rock ballast proves to be the most economical in reducing main- 
tenance charges and providing a smooth-riding roadbed which 
does not quickly wear out both itself and the rolling stock. 

The ballast, which is that portion of the roadbed upon which 
the ties are placed, should be sufficiently porous to permit the 
water to run off freely. The best ballast is recognized to be 
crushed rock capable of passing through a 2)4-in. ring. Coarse 
gravel, however, makes a very good substitute and is very often 
used because of its lower cost. Fortunate, indeed, is the road 
that secures with its right-of-way one or more borrow pits con- 
taining good ballast gravel. This ballast is laid for a depth of 
6 to 18 in. under the ties, and should cover the ties to the base 
of the rail. 

Gravel ballast will range from 15 to 40 cts. per yard, while rock 
ballast will vary from-maximum values of gravel to 75 or 80 
ets. per yard laid in place ready for ties. 

Ties.—Now that the scarcity of good lumber is beginning to be 
felt, with a corresponding increase in first cost, the selection of 
suitable ties and their treatment to insure long life is becoming 
aserious problem. Pine, cedar, white oak, red oak, fir, and chest- 
nut are the woods in most common use. The choice between 
these depends largely upon the variety which is native in the 
locality in which the road is being built. Cedar is probably as 
long lived as any, while the ability of white oak to hold spikes is 
probably greater than any other wood. While this variety of 
tie is generally too expensive to use throughout, it is often specified 
for curves where the strain on spikes is, of course, greatest. 

Herrick gives in the following table an approximate length of 
life for the different varieties of ties as determined by Mr. Hough.! 


1 Herrick, A. B., “Practical Electrical Railway Handbook.” 
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Taste XXII.—Lire or Tins 


WViteroalcmerm tt eae eS. 7.4 years 
a RYesoL CON che oligos Ws i A eee ee 5.0 years 
(CONSUME So sly Ge ee Oe ee 7.1 years 
SES SO Ed, 6.5 years 
Wht fegnineagee i Bits, as oii eat os 6.5 years 
IREGECOOET Ma shin st ce ce oct 11.8 years 


It is generally considered advisable to specify preservative 
treatment for ties in order to increase their life, although it is 
difficult to determine from experience thus far just how much 
the life is extended thereby. Ties which have been embedded 
in concrete in city construction have shown particularly 
long life, averaging from 10 to 20 years with many rail 
replacements. The replacement of rails and the removal and 
replacement of spikes during realignment often shorten the life 
of a tie when it has not decayed. Screw spikes have been pro- 
posed to obviate this difficulty, but they are little used at present 
because of their higher first cost and the greater time required for 
installation and removal. 

It has been found recently that screw spikes used with chloride 
of zinc treated ties have very short life, due to the galvanic action 
between the zinc salts and the steel of the spikes. This, together 
with the difficulty noted below which ties thus treated some- 
times introduce in the operation of signals, have brought about 
the rather general use of hardwood ties without treatment or 
softwood ties confined to creosote treatment. 

Reinforced-concrete and steel ties have been experimented 
with, especially abroad. Whereas concrete and steel substruc- 
tures are replacing ties to a large degree in city streets, the wooden 
tie for interurban or steam-railroad use has not been replaced to 
any extent in this country. 

The dimensions of ties for interurban use are similar to those 
for steam roads, averaging 6 in. by 8 in. by 8 ft., although 5-in. 
ties may befound occasionally. In third-rail construction a longer 
tie is installed every 10 ft. to act as a support for the third-rail 
insulator. The spacing of ties will be found to vary from 15 
to 30 in., but an average dimension may be taken as 2 ft. Ties 
which lie under the rail joints are placed nearer together, but 
their exact spacing is dependent upon whether a suspended or a 
supported rail joint is used, as will be described later. 
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One consideration in connection with the selection of ties which 
has received very little attention is the effect of preservative 
treatment upon their resistance. This is of particular value 
only where the automatic block signals are installed. From the 
discussion of the previous chapter it will be seen that if the resist- 
ance of the ties be greatly reduced they will act as a shunt to the 
relay and possibly interfere with its proper operation. Tests 
made at Purdue University! upon the resistance of ties, 
recorded in the report of the Wood Preservation Committee of the 
American Railway and Maintenance of Way Association, prove 
that ties follow the laws of insulators in general, but that when 


Fia. 122. Fic. 122a. 
Fies. 122 and 122a.—Standard ‘‘T” rails for shallow paving. 


treated with the chloride of zine preservative process their appar- 
ent resistance is lowered. Calculated results based upon the 
data of these tests, assuming wet treated ties in wet ballast, 
show values of resistance sufficiently high to prevent serious 
interference with signals. Cases in practical operation have 
been reported, however, in which such interference has been 
present. 

Rails.—In the selection of rails also, steam-railroad practice 
has been followed to a great extent, although the weight of rail 
used is, on the average, less with the interurban roads. ‘This is 
possible because of the lighter weight of trains and the absence of 
reciprocating motion. The interurban roads make use of the 
T-rail almost exclusively, averaging in weight from 70 to 80 lb. 

1 BuTTERFIELD, J. T., Graduate Thesis, Purdue University, 1910. 
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per yard. In city streets a wide variety of rail sections will 
be found, from the T-rail to the various shapes and sizes of 
grooved girder rails. The T-rail has been rather generally 


TaBLE XXIII.—Dimensions or STanpDARD T-Raits IN INCHES 


Type of rail Figure 122 Figure 122a 
Ws. per yard, lbh. 2... 5. 80 90 100 80 90 100 
Vaiss Fed oh i Nees are ee ee 5 55g 6 41576 | 51764 | 544 
Be oe ered lal ee ae oP el ety a 
LOR et ine aes 22345 | 3545 33¢ 21545 | 25¢ 25564 
1p ee ae 1K%{6 11545 | 1%6 11545 | 13%4 | 14564 
Width of head E........ 21, 29% 6 234 27146 2% 6 22145 
Thickness of web F..... 3364 | %6 %6 3564 Ne Ne 
Width of base G........] 454 51g 514 4146 4496, | 5% 


objected to by city authorities because of the danger to vehicular 
traffic offered by the projecting head of the rail and the difficulty 
in paving close to the rail with standard paving blocks. ‘Two 


Pres 123. Fie. 124. 
Heavy Service Light Service 


Frias. 123 and 124.—Standard ‘“‘T”’ rails for paved streets. 


sizes of girder rails, 7 and 9 in. in height respectively, have come 
into general use, the latter being preferred from the standpoint 
of ease in paving. 

The A. E. R. A. in 1910 adopted a standard T-rail for city 
streets for use except where the traffic is confined to the railway 
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strip or is so congested that the strip is continually used by 
vehicles. ‘The dimensions of this standard for various weights of 
rails are indicated in Table XXIII, which refers to Figs. 122 
and 122a. 

For the heaviest service, in connection with deep-block pave- 
ment, the 7-in. T-rail, known as “‘Section A” (Fig. 123), weighing 
100 Ib. per yard, was adopted. Light service is provided with an 
80-lb. rail, shown in Fig. 124, known as “Section B.” 
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Fig. 125.—Standard girder rail for heavy service. 


In heavy city service, in connection with deep-block pavement 
when vehicular traffic is congested, the girder rail (Fig. 125) is 
used, A section similar to Fig. 125 in all respects except that of 
height, which is 7 in., was also adopted by the Association in 1913. 

In view of the many difficulties that necessarily have had to be 
overcome in the manufacture of rails to meet the more exacting 
demands of heavier trains and higher speeds, and because of the 
fact that the selection of proper rails is not a problem of road 
construction alone but of maintenance of way as well, it seems 
desirable to list in detail the more important specifications which 
have been approved by the A. E. R. A. and the A. 8. T. M. 


TRACK LAYOUT AND CONSTRUCTION 277 


Specifications for Open-hearth Steel Girder and High T-rails 


The steel shall be made by the open hearth process. 

Bled ingots, and ingots or blooms which show the effects of injurious 
treatment, shall not be used. 

A sufficient discard from the top of each ingot shall be made at any 
stage of the manufacture to obtain sound rails. When finished rails 
show piping, they may be cut to shorter lengths until all evidence of this 
is removed. 

The steel shall conform to either of the following requirements as to 
chemical composition, as specified in the order. 


Taste XXIV.—CHEMICAL PROPERTIES AND Trsts oF Rais 


Class A Class B 
irbon, Der centescs. 1.0). ses son: 0.60-0.75 0.70-0.85 
Manganese, per cent............... 0.60-0.90 0.60—-0.90 
PUNCOM) DEFIGENtere wae ie aes not over 0.20 not over 0.20 
Phosphorus, per cent.............. not over 0.04 not over 0.04 


To determine whether the material conforms to the requirements 
specified in paragraph 4, an analysis shall be made by the manufacturer 
from a test ingot taken during the pouring of each melt. Drillings for 
analysis shall be taken not less than 1¢ in. beneath the surface of the test 
ingot. A copy of this analysis shall be given to the purchaser or his 
representative. 

A check analysis may be made from time to time by the purchaser 
from a test ingot or drillings therefrom furnished by the manufacturer. 

The test specimen shall be tested on a drop test machine of the type 
recommended by the American Railway Engineering Association. The 
specimen shall be placed head upward on the supports of the machine, 
and shall not break when tested with one blow in accordance with the 
following conditions: 


TaBLE XX V.—PuHYSICAL PROPERTIES AND TESTS OF RAILS 


Temper? | Distance | weign, | Height of drop 
Weight and height of rail specimen, between of tup, a 
degrees supports; pounds 
ahr. feet Class A | Class B 


Rails weighing over 100 lb. 
per yd. and 7 in. in depth..| 60-120 3 2,000 15 12 
Rails weighing 100 lb. or less 
per yd. or 7 in. or less in 
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The atmospheric temperature at the time of testing shall be recorded 
in the test report. 

The testing shall proceed concurrently with the operation of the works. 

Three rails, each from the top of one of three ingots from each melt, 
shall be selected by the inspector, and a test specimen shall be taken 
from each of two of these. 

Drop test specimens shall not be less than 4 or more than 6 ft. 
in length. 

Two drop tests shall be made from each melt. 

If the result of the drop test on only one of the two specimens repre- 
senting the rails in a melt does not conform to the requirements specified 
in Section 7, a retest on a specimen from the third rail selected shall be 
made and this shall govern the acceptance or rejection of the rails from 
that melt. 

The cold templet of the manufacturer shall conform to the specified 
section as shown in detail on the drawing of the purchaser, and shall at 
all times be maintained perfect. 

The section of the rail shall conform as accurately as possible to the 
templet, and within the following tolerances: 

The height shall not vary more than 14 in. under nor more than 14 
over that specified. 

The overall width of head and tram shall not vary more than }¢ in. 
from that specified. Any variation which would affect the gauge line 
more than 14 in. will not be allowed. 

The width of base shall not vary more than 1¢ in. under that specified 
for widths less than 614 in.; 34g in. under for a width of 614 in.; and 14 
in. under for a width of 7 in. 

Any variation which would affect the fit of the splice bars will not 
be allowed. 

The base of the rail shall be at right angles to the web; and the 
convexity shall not exceed 14, in. 

When necessary on account of the type of track construction, and 
notice to that effect has been given to the manufacturer, special care 
shall be taken to maintain the proper position of the gage line with 
respect to the outer edge of the base. 

Unless otherwise specified, the lengths of rails at a temperature of 
60°F. shall be 60 and 62 ft. for those sections in which the weight per 
yard will permit. 

The lengths shall not vary more than 14 in. from those specified. 

Shorter lengths, varying by even feet down to 40 ft. will be accepted 
‘to the extent of 10 per cent by weight of the entire order. 

The weight of the rails per yard as specified in the order shall be 
maintained as nearly as possible after conforming to the requirements 
specified in Section 4. 
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The total weight of an order shall not vary more than 0.5 per cent 
from that specified. 

Payment shall be based on actual weights. 

Rails on the hotbeds shall be protected from water or snow, and 
shall be carefully manipulated to minimize cold straightening. 

The distance between the rail supports in the cold straightening 
process shall not be less than 42 in. except as may be necessary near the 
ends of the rails. The gag shall have rounded corners to avoid injury to 
the rails. 

_-Cireular holes for joint bolts, bonds, and tie rods shall be drilled to 
conform to the drawings and dimensions furnished by the purchaser. 

In Class A rails the tie rod holes may be punched. 

The ends shall be milled square laterally and vertically, bus the base 
may be undercut > in. 

Rails shall be smooth on the head, straight in line and surface without 
any twists, waves, or kinks, particular attention being given to having 
the ends without kinks or drop. 

All burrs or flow caused by drilling or sawing shall be carefully 
removed. 

Rails shall be free from gag marks and other injurious defects of 
cold straightening. 


The composition of the third or conducting rail may be such 
as to result in a much softer and lower resistance rail. Arm- 
strong gives the following analysis for such rails: 


TABLE XX VI.L—ANALYSIS FOR THIRD RAILS 


Carbon not tovexceed....7.......05 20. 0.12 per cent. 
Manganese not to exceed............-- 0.40 per cent. 
Sulphur not to exceed.............+++% 0.05 per cent. 
Phosphorus not to exceed.........--+- 0.10 per cent. 


1 ArmstrRoNG, A. H., “Electric Traction.” 


The use of manganese steel for the centers of special work and 
even for complete frogs, switches, and curves has been recently 
given a great deal of attention because of its long life. While it 
seems to be the consensus of opinion among railway operators 
that the latter uses of manganese steel are advisable only in 
extreme cases of heavy wear, the adoption of replaceable frog 
and switch points of this material is very heartily sanctioned. 

Rails of Steel Alloys.—It may have been inferred already from 
the chemical specifications set forth in Table XXIV that the 
amounts of various chemicals present in steel rails greatly change 
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the physical properties and life of the latter. Carbon, of course, 
increases hardness at the expense of ductility, while phosphorus 
makes the rail brittle and of coarse crystalline structure. As 
the safe temperature possible for finishing rails is also lowered 
by the presence of phosphorus, the latter must be kept to a 
minimum. 

Some other elements have, however, been added to steel rails 
to good advantage. The difficulty of the problem lies in the 
sacrifice in ductility and low first cost which must be made in 
order to obtain hardness. The addition of about 0.1 per cent of 
titanium or the use of ferrotitanium tends to make the steel more 
homogeneous and thereby allows the percentage of carbon to be 
increased with no loss of ductility or shock-resisting qualities. 
Whether the increased expense of this alloy is warranted remains 
to be determined by longer experience. ‘This treatment can be 
applied to either Bessemer or open-hearth processes. 

In particular locations in the track where the rails receive very 
hard wear, such as at curves, frogs, or crossings, ferromanganese 
steel has been used to advantage. The addition of from 12 to 
15 per cent of manganese to the open-hearth steel adds greatly 
to its hardness without seriously limiting its ductility. Since this 
steel must be quenched in water when red hot, which, in turn, 
results in much*care and time being spent in the straightening 
process, and since this steel cannot be machined or drilled after 
quenching, its first and installation costs are greatly increased. 

Until the so-called Cuban ore, containing about the correct 
percentages of nickel and chromium, was used in the manufacture 
of steel rails, much trouble with broken rails was experienced where 
the nickel-chrome steel was employed. This new ore, requiring 
only a slight addition of nickel in the furnace, has been converted 
into rails during the last few years by both the Bessemer and the 
open-hearth processes. These rails seem to have the desirable 
hardness without corresponding increase of cost. They have not 
been in use long enough, however, to determine what the increased 
life and wearing qualities may be. 

Rail Joints.—Aside from the mechanically rigid rail joints 
produced by cast welding, thermit welding, and electric welding 
discussed in some detail in Chap. XVII, several other types of 
rail joints in rather more common use should be mentioned. The 
simplest and cheapest joint is, of course, the four- or six-bolt fish 
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plate clamped on either side of the rail ends. This construction 
allows considerable vertical motion to the ends of the rails as the 
train passes over them, causing the heads to be soon flattened. 
The rail must, therefore, be replaced or shortened because of its 
worn condition at the end before it is seriously worn elsewhere. 

The other types of joints most commonly used are the Atlas, 
Continuous, and Weber joints, all of which make use of combined 
splice bars and tie plates differing but slightly in design, 7.e., they 
all furnish an iron plate between the foot of the rail and the tie, 
which plate is generally notched to receive the spikes in order 
to prevent creeping. The Weber joint makes use of a single 
plate cast in one piece with one of the vertical plates, while the 
other joints involve two half plates split longitudinally under the 
center of the rail. 

The use of tie plates is a matter open for discussion. They 
probably increase the life of the ties, especially when rather 
soft wood is used, by preventing chafing between rail and tie, but 
many engineers are not convinced that this gain warrants the 
extra expense. 

Rail joints may be of the “suspension” or ‘‘supported”’ type, 
the former having the rail ends between ties, while the latter 
provides a tie directly under the ends of the rails. The former 
seems to be in more general use. In case the Atlas rail joint be 
selected the suspension type must be used, as this joint requires 
transverse bolts through the casting under the rail flanges at the 
end of the rail. 

Both 30- and 60-ft. rail lengths are in use, the former being 
preferred in interurban construction because of less expansion 
troubles therewith and the greater ease of handling the shorter 
length on curves. Where the above features are not objection- 
able, however, the 60-ft. rail has the advantage of fewer joints 
and bonds, thereby reducing slightly the first cost and mainte- 
nance charges. The shorter rail lengths are meeting with 
increased favor. 

Rail Corrugation.—For several years rails subjected to heavy 
traffic have been found to wear in the form of corrugations, which 
may become of such magnitude that they must be ground to a 
depth of 0.6 in. in severe cases in order to remove the irregulari- 
ties. Althoughseveral plausible theories have been advanced, the 
cause of this trouble has not been satisfactorily explained, for the 
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widely varying conditions under which the corrugations are found 
are hardly fulfilled by any one theory. 

For example, corrugations are found more often in the following 
cases: 

High girder rails in paved streets. 

Outside rail of long radius curves. 

Rails rigidly supported on concrete foundations. 

One portion of a single rail may be affected while other portions 
of the same rail are free from corrugation. 

Rails corrugated in one section of track are found to wear 
smooth when located elsewhere. 

Time required may vary from 48 hr. to several years. 

Reproduced immediately after grinding in some cases and 
eliminated in others. 

Corrugations are absent under the following conditions: 

Practically all steam railroad tracks. 

Nearly all T-rails, especially on interurban road, except 
near stations or where cars are started or stopped under abnormal 
conditions. 

Some of the theories which have been advanced to explain the 
cause of corrugation are: 

Chattering of brake rigging during stop. 

Nosing of wheels transversely across rails. 

Chattering of rolls-when rails were rolled. 

Alternate hard and soft spots in composition of rails. 

Cold-rolling action of wheels on rails. 

The last theory seems to be the most plausible one offered thus 
far, and nearly all conditions of corrugation can be explained 
thereby. This has been outlined in considerable. detail by 
Pellissier! and Gidanski.? 

The contact area between wheel and rail is so small that the 
pressure may exceed 40,000 lb. per square inch in practice. 
This is very near, if not in excess of, the elastic limit of the rail. 
It would be safe to say, therefore, that the elastic limit is often 
exceeded with the wheel in motion. Where this takes place it 
would have a tendency to cause the metal to flow slightly until 
the density was increased sufficiently to withstand the force of the 


1 Petissigr, G. E., “A New Theory of Rail Corrugation,’’ Elec. R. Jour., 
Sept. 30, 1911. 
? GipanskI, C, M., “Rail Corrugation,” Elec. Ry. Jour., Dec. 27, 1913. 
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wheel. The wheel would then tend to ride over the place of high 
density and start the metal to flow just beyond this point. The 
coning of the tread can be shown to aggravate this effect and 
produce the shape of groove which is actually found in practice. 

As grinding the head of the rail is the only satisfactory remedy 
for this trouble, and since the effect will often recur quickly after 
this rather expensive treatment has been applied, it proves to 
be a problem of rather difficult solution. It can be safely said, 
however, to offer a very good argument against the use of too 
rigid a substructure for the support of the rails. 

It is expected that the investigations now being carried on 
by the Rail Corrugation Committee of the A. E. R. A., of which 
Prof. D. D. Ewing of Purdue University is chairman, will offer 
further explanation of this peculiar phenomenon. 

Roadbed Construction.— Whereas the interurban roadbed con- 
sists merely of a natural subsoil or fill, well drained with side 
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Fic. 126.—Standard track construction, Cincinnati, Ohio. 


ditches and covered with gravel or crushed rock ballast to a depth 
of from 6 to 18 in. under the ties, the problem of roadbed construc- 
tion in city streets is a more difficult one. A trench is first exca- 
vated slightly greater in width than the length of the ties and of 
a depth depending upon the type of foundation to be used. 
Although the old method of excavating a transverse trench for 
each tie is now practically obsolete, many companies are keeping 
lengths of ties to a minimum and reducing the foundations and 
ballast as much as possible in order to decrease excavation costs. 
The use of the longitudinal concrete beam construction under the 
rails is little in favor at present. 

Although most engineers will agree that the roadbed should be 
well drained, comparatively few roads are going to the expense of 
installing longitudinal tile drains under the ballast of single 
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track or between the tracks of a double-track road. Cincinnati, 
Kansas City, Cleveland, Seattle, and some of the other large 
cities claim good results from such tile construction. Where 
installed, it has been found desirable to use bell-and-spigot sewer 
tile rather than the soft agricultural drain tile. The latter is 
found to crush and fill up too easily under heavy traffic conditions. 
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Fie. 127.—Standard track construction, Cleveland, Ohio. 


Sections taken through standard roadbeds using drains are seen 
in Figs. 126, 127, and 128. 

Opinions of expert railway engineers differ as to whether the 
roadbed should be perfectly rigid or somewhat flexible. With the 
former construction the rolling stock is believed to suffer to a 
greater extent and rail corrugation seems to be more marked. It 
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Fie. 128.—Standard track construction, Buffalo, N. Y. 


is also difficult to construct where traffic cannot be readily diverted 
from the track. With the flexible construction, ties have 
shorter life and rails are more readily thrown out of alignment. 
The simplest form of flexible construction, which is not unlike 
that common in interurban practice, with the exception of 
pavement, is indicated in Fig. 129, a construction which has 
been adopted as standard in Minneapolis. 
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In the more elaborate sections shown in Figs. 126, 127, and 128 
a concrete sub-base is first laid in the excavation, followed by a 
cushion of sand for the ties and pavement. In the Cleveland 
construction it will be noted that steel ties have been grounded 
into the concrete sub-base without a cushion, while in Milwaukee 
standard practice with macadam pavement calls for a layer of 
concrete over layers of crushed stone and coarse-rock ballast. 


Concrete 


Crushed Rock or Gravel 10’ Track Centers 


Gravel | 


Fic. 129.—Standard track construction, Minneapolis, Minn. 


The use of screw spikes should be noted in the Cincinnati track 
as well as the knee braces which replace the tie rods with the 
girder rails. 

The use of tie rods to prevent the overturning of high girder 
rails is difficult with heavy block paving. In some installations 
these rods of round section are placed low on the rail, and there- 
fore under the paving blocks, while in other cities a thin, flat rod 
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Fig. 130.—Standard track construction, Milwaukee, Wis. 


is used which will fit in the joints between paving blocks, as in 
Fig. 128. In at least one city interference with the blocks has 
been avoided and at the same time the desirable high connection 
on the rail has been maintained by an offset rod of round section 
passing under the paving blocks. 

Pavement.—The railway company is usually required to install 
and maintain the pavement between tracks and for a distance of 


286 ELECTRIC RAILWAY ENGINEERING 


2 ft. or more outside. If paving blocks are used with anything 
but a 9-in. girder rail a special block must be secured to fit the 
rail and provide a groove inside the rail sufficient to allow the 
wheel flange to pass without forming a dangerous rut for vehicular 
traffic. Such grooves are rapidly worn away by the latter traffic 
and the railway company endeavors, therefore, so to design the 
track and paving that the vehicles will not be attracted thereto. 
This policy will often aid in making schedule time in city streets 
as well. With the grooved girder rail the groove provides room 
for the flange. In many cities the city authorities specify the 
type of pavement which must be installed between and for a 
short distance upon either side of the tracks. ‘The most common 
forms are brick, stone blocks, and wooden blocks. Asphalt and 
concrete have been used to a slight extent. The difficulty with 
these types lies in the fact that frequent removal for repairs 
is not only accompanied with much labor and expense, but there 
is no salvage of material for replacement as there is with 
practically all types of block pavement. 

Blocks, however, have the disadvantage that it is practically 
impossible to make such pavement watertight. If not water- 
tight, the life of ties and wooden blocks is greatly impaired and 
the freezing of water under and between blocks is very likely to 
cause bulging and eracking of the surface of the pavement. 
This latter difficulty has been overcome in some instances by 
setting the blocks in cement grouting. 

Creosoted wooden-block pavement with a tar binder has found 
much favor during the last few years. It is practically water- 
proof and of long life, while not difficult to install and -replace. 
It offers a less slippery and harsh surface for the feet of horses 
and is readily fitted into shallow rails and round special work. 
In some instances where insufficient expansion joints have been 
left to care for the rather great expansion which takes place in 
hot weather, difficulties with upheaval of the paved surface have 
been met, but properly installed wooden blocks have produced a 
cheap, efficient, and long-lived pavement in many large cities, 
even when subjected to heavy vehicular traffic. 

Special Work.—Special work, which is the term given to track 
switches, frogs, crossings, and, indeed, practically all track 
construction not made up of standard rails, is usually subjected 
to relatively heavy traffic and a correspondingly great amount of 
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EstimMaTep Cost or RoapBEeD CoNnstRUCTION 


Labor Material Total 
Clearing and Grubbing. 
68 acres at $45........ LOI “cid atta Bare ee HELO! oc ooossae $3,060 
Grading. 
Solid rock 8000 yd. at $0.75..;........... 6,000) ogee ae toc eee 
Loose rock 35,000 yd. at.$0:37 ........... 12 OSU ml ee emeseccaa alts seen isvavey ors 
Earth, 716,000 yd. at $0.145 ............. 1035820 eerie 122,770 © 
Culverts. 
150 Culverts varying from 18” to 60’ diam. .|......... 9,420 |.....-. ee 
Total 4573’. 
Hauling and placing. . Ws ca eee LO ie I as che, che ONS regener 
End walls 1300 yd. at $8... eins rt OL 400d anna: 20,815 
Timber Bridges. 
41 Pile bridges, 4752 lin. ft. at $8.80....... 1400075) 27,813: nas. cose 
1 Frame bent bridge, 800 lin. ft. at $10.25. . 2,730 5,470 50,018 
Steel Bridges. 
9 Steel spans ranging from 30’ to 1380’,) 3,502 | 25,395 |......... 
700,520 lb. erect. at 41¢ cts. 
Concrete piers, 2300 yd. at $7.20.......... 8,280 S280 Uae ane 
Weck2300 yd. at $2: 50 vase ccc ces cere eos 675 1,300 47,432 
Track. 
Rail 80 Ib. 33’, 8431.7 tons at $33.515.....)......... PVM ANS loa oootecle 
Angle bars, 21;690 prs: at 0:86 202.2258 os). nee neee NSO |l.coSieasoe 
rack Dolisy 860762 at, 0:04 on. oe scans acteme atin 35 AM ole, srebvesove 
Track spikes, 2010 kegs at $5.60..........|......+.. Wi ZO hess. ssa 
Bonds y 21 it G00: G0 jee. tas ss von oo» ese 3,196 ERT U ic cocsmaitte 
Gross OOUN GS mOatOlalermer este tioe fc ia fies 6 «i|loe am, reket eval yAetere ts 600 
eiraekaiies s LOG SOU at OGD Ac cicinn sole + cece meas cee TVO4098 ee accc.- 
Switehesicompl., USiat G150 je. 6. ac. alee eon S 2 LOO ersten 
IRA Oia a 3 bo beidt a a pment rene Cree eC 2G: 5A Si Werner eee 468,921 
Ballast. 
Local gravel or lime rock...............-- 130; O00) eases 130,000 
Fencing (Wire). 
OU TAN ee eh eters SA ae wale 6 ce ae'@ 5,880 | 11,112 16,492 
Miscellaneous. 
Railroad crossings at $300............... 200 TAXON ate cone 
Highway and private crossings at $47..... 1,150 4,490 }.....-..- 
GWE san ooo Mode coes He 6 Oe © Eon mmanaere ae 100 300 7,240 
Gramtlet bale er ces.« os vs sesh mtemtenemtet a tude orets love $866,748 
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wear. This special work is sometimes made up of sections of 
rails set in steel castings, or it may be entirely a steel casting. 
Recent practice tends toward the use of manganese steel for such 
castings where the expense seems warranted, while in other cases 
manganese steel “points” are inserted in the casting at the 
proper location to receive the greatest amount of wear. Much 
difference of opinion is expressed as to whether these inserts 
should be made removable or permanently installed. If the 
former practice is adopted, it is very difficult to replace satisfac- 
torily the worn-out insert, as the remainder of the casting is 
usually badly worn also. Even with manganese steel points, 
however, some saving is probably possible if the construction of 
the special work is so designed as to permit of their replacement. 

Considerable advance has been made during the last few years 
in the standardization of special work, particu arly by the A. E. 
R. A. This is of advantage not only to manufacturers, who may 
decrease materially their patterns and tools, but to operating 
companies because of increased ability to obtain prompt ship- 
ments and to order and replace parts intelligently with little 
chance of error. To this end the switch laid out upon a 100-ft. 
radius curve has become the most popular standard, while frogs 
and mates may be readily specified by number from a compara- 
tively small standard list, the number indicating a distinct casting 
with certain field dimensions. These standards are clearly set 
forth in the manual of the association named. 

Estimates.—Whereas the cost of materials varies greatly in 
different portions of the country, estimates or actual costs of 
construction must be taken with a great deal of caution. They 
seem to be of sufficient value as a study of approximate relative 
values, however, to warrant listing herein. Such an estimate 
covering the construction for an interurban line 63 miles in 
length in the South will, therefore, be found on page 287. 

The estimate represents an expenditure of $13,700 per mile for 
roadbed and track, exclusive of engineer’s fee and contractor’s 
profit. It is interesting to note that of the above total 37.8 per 
cent is labor and 62.2 per cent material. 


CHAPTER XXI 
CARS 


Car Selection.—Notwithstanding the fact that electric trac- 
tion has been developed within a comparatively few years, cars 
which are now operated upon the various city and interurban 
lines of the country range from the 20-ft. single-truck made-over 
horse cars to the 70-ft. magnificent limited double-truck parlor 
cars weighing from 50 to 70 tons and provided with all the con- 
veniences of the Pullman coach. With this array of possible 
rolling stock to choose from, the problem of car selection for-a 
proposed road or for additions to present equipment on city or 
interurban systems is a difficult matter. Too little attention 
has been given to this problem in the past, the questions of suffi- 
cient seating capacity and finish often being the principal consid- 
erations in the selection of cars. These factors are, of course, of 
prime importance, for the public patronage is not only depend- 
ent upon the ability to obtain a seat in a car, especially upon a 
long journey, but also to a surprising extent upon the appoint- 
ments of the cars with respect to personal convenience. Track 
and street conditions often impose limits on the dimensions of 
cars which may be used on a given road. The class of service in 
which the car is to be used, whether city, suburban, or interurban, 
defines to a certain extent the type of car. In city service local 
conditions, such as climate, topography, size of city, kind and 
location of industrial works, volume of vehicular traffic, distribu- 
tion of population, and social characteristics of the people, 
enter more or less directly into the problem of car selection and 
influence the choice of type. The main questions in the problem, 
however, are: 

1. Method of fare collection. 

2. Location and arrangement of entrances and exits. 

3. Seating and standing capacity. 


4, Dimensions and weight of car. 
289 


290 ELECTRIC RAILWAY ENGINEERING 


These questions are largely determined by: 
1. Average length of ride per passenger. 
2. Average number of passengers per car-mile. 
3. Average number of stops per mile. 
4, Maximum safety in operation. 
5. Cost of operation and maintenance. 
In the selection of cars for interurban service some of the more 
important points to be considered are: 
1. Nature of traffic, whether passenger, freight, or express. 
2. Length of road. 
3. Social conditions. 
4. Schedule speed. 
5. Condition of roadbed and structures. 
6. Convenience of patrons. 
7. Nature of competition if competition exists. 
_8. Whether or not the road enters the cities along its route 
over private right-of-way or over city streets. 


Fia. 131.—Electric locomotives used in 1885. 


At the present time careful engineers are studying the problems 
of car selection and design as they have never been studied 
before and much emphasis is being placed on the economic ratios 
“weight of car per seat,”’ “weight of car per square foot of floor 
area,” and “weight of car per foot of car length.” 

Car Bodies.—It was in Baltimore August 10, 1885, that the 
first electric railway service in the United States was inaug- 
urated. The illustration shows one of Leo Daft’s electric loco- 
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motives or tractors, which pulled regular street cars. The 
third rail between the tracks carried the power except at cross- 
ings where an overhead contact was made. With the gradual 
increase in speed of cars there came an increasing number of 
wrecks, which soon proved the average car construction to be 
unsuitable for withstanding severe strains and thereby protecting 
passengers to some extent from injury in case of collision. Then 
came a period of marked increase in the weight of cars, with cor- 
respondingly increased capacity not only of car equipment but 
of feeders, substation, and power-station capacity as well. Quite 


Fig. 132.—Steel frame car construction. 


recently, however, another reaction has taken place, for it has 
been found that the desired strength to resist the abnormal 
forces in service may be obtained by proper design with even less 
weight. This apparently paradoxical condition is partly due to 
the fact that the use of steel in place of wood will give greater 
strength with less weight and also that a car may be constructed 
as a double truss, the side frames acting as one truss to transfer 
the‘ load to the bolsters and the bolsters, in turn, acting as 
transverse trusses between car sills and truck support. For steel- 
frame construction, see Fig. 132. 
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The better types of recently designed car bodies are either 
all steel or partly steel. The great advances made within the 
past few years in the art of sheet-metal working have made it 
possible to construct pressed-steel shapes cheaply in almost any 
form desired. ‘These shapes are much used in modern car-body 
construction. All-steel cars are fireproof and in case of wreck 
they do not telescope readily, nor do they break up into dangerous 
splinters. The car floors used in these cars are of the so-called 
‘“‘monolithic type,’’ and are made by spreading either a plain or 
a reinforced cement on a base of galvanized iron and special 
shapes. 

The monitor-type roof (Fig. 141), is rapidly being replaced 
by the arch type (Fig. 142), which is stronger, lighter, and easier 
to construct and gives greater headroom for a given height of 
car. 

Metal and composition ceilings are being used instead of the 
wood veneers used a few years ago. These new ceilings are fire- 
proof and do not warp or shrink. 

The desirable reductions possible in cost of power, car repairs, 
track repairs, fixed charges on power plant and distribution sys- 
tem with decrease in weight of cars are very clearly pointed out 
in a paper by M. V. Ayers, then electrical engineer of the Boston 
& Worcester Street Ry., before the American Association in 1909. 
In this paper formulas are developed for the foregoing cost reduc- 
tions and suggestions are given for possible decrease in weight 
of cars without curtailment of strength. Aside from the above 
truss design and steel underframing, the use of aluminum and 
cast bronzes in place of iron, softwoods in many places instead 
of hardwoods, and the reduction in the weights of motors with 
forced ventilation are mentioned. 

Other marked advances are the standardization by the above- 
named association of the heights of couplers, platforms, bumpers, 
and many other construction details of both city and interurban 
cars,’ and the use of corrugated-iron buffers or ‘“anticlimbers”’ 
to prevent telescoping of platforms in case of collision. Such 
telescoping was the cause of much damage in several very 
serious interurban wrecks in the Middle West. 

Trucks.—The truck primarily consists of two pairs of wheels 
and axles upon whose journals a steel framework is supported by 

1A. E. R. A,, “Engineering Manual,” 1914. 
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means of combined helical and elliptical springs. This frame- 
work serves not only to take the weight of the car body, but 
also to form a support for the brake rigging and a portion of the 
weight of the motors. Since the axles are held in a position 
parallel to each other by the fixed journal boxes, the distance 
between axles cannot exceed a certain value, generally 7 ft. 6 
in., because of difficulties in following curves of short radius in 
the track. With this limitation and with the further fact dem- 


Fig. 133.—Arrangement of Brill 27-MCB Truck for removing bolster springs. 


onstrated by practice that single-truck cars tend to rock badly 
in the direction of motion, the length of single-truck car bodies 
must necessarily be limited to from 22 to 25 ft. overall. For the 
longer cars two trucks with king pins located as near the ends of 
the car as possible without interfering with vestibule supports 
must be used. 

With either type of truck the motors are suspended with two 
babbitted boxes, cast in one side of the motor frame, bearing 
on thé car axle, and the opposite side of the motor is hung by 
means of a flexible link from the truck frame. The so-called 
“‘nose” suspension provides but one support between motor 
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and frame, while the “‘yoke”’ suspension, as the name implies, 
furnishes two such connections. With these suspensions the 
motor is permitted to swing slightly about the car axle as a 
center as the car passes over irregularities in the track, thus keep- 
ing the pinion on the motor shaft at all times in mesh with the 
gear on the car axle. 

Trucks are provided with car wheels ranging from 22 to 37 in. 
in diameter, the larger sizes being generally used in heavy inter- 
urban traction. Wheels are constructed of cast iron with 
chilled treads, cast steel, or a combination of cast-iron centers 
with steel rims. The latter type has now been largely replaced 
on interurban roads by the cast-steel wheel, as some difficulties 
were encountered, due to the steel rims working loose in service. 


Fig. 134.—Brill standard safety car truck. 


Wheels may be returned four or five times before scrapping is 
necessary, a reduction of from 34 to 114 in. in diameter being 
possible before wheels must be discarded. Steel wheels will 
range from four to five times the mileage of cast-iron wheels and 
the latter are considered unsafe above 30 m.p.h. Wheels vary- 
ing as much as 2 in. in diameter have been successfully used on 
different axles of the same car, although those on the same axle 
must be of the same diameter. The wheels are forced on the 
axles under hydraulic pressures of from 25 to 50 tons, depending 
upon the type of wheel and size of axles. 

Car axles are turned from cold-rolled steel and vary in diameter 
from 4 in. with the smallest motors up to 7 in. with 200- and 250- 
hp. motors in heavy service. 

Formerly, it was general practice to lubricate truck journals 
by means of cotton waste, soaked in grease, packed in the journal 
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box. While this method is still used to a limited extent, the best 
practice at present is following the lines laid down years ago by 
the steam railways, namely, the use of oil-soaked woolen waste, 
packed in a large journal box and surrounding the part of the 
journal not covered by the “brass.”’ 

Trucks are provided with side bearing plates upon which 
similar plates on the under side of the car must rest when the 
latter is unequally loaded or upon curves to prevent too great 
tilting of the car. 

As a result of the success achieved by the Birney safety car, 
there has been a tendency on the part of many railways to look 
with more favor upon the use of single-truck equipment. It is 
designed to eliminate the galloping and most uncomfortable rid- 
ing-action characteristics of the existing types of single trucks. 
This is accomplished by supporting most of the car body and 
passenger weight on the extreme end of the truck. 

The “maximum-traction”’ truck is being used to a wide extent 
under modern light-weight, low-platform cars. It is particularly 
well adapted to the form of construction used in the “‘stepless”’ 
center-entrance cars (Fig. 143). 

Motor Equipment.—The question of whether a two- or four- 
motor equipment should be installed must receive careful 
thought. Previous chapters have described the method of deter- 
mining the total power required for the car, but whether this 
should be supplied by two or four motors is quite another prob- 
lem. With single-truck and maximum-traction truck cars 
two motors only are possible. In standard double truck cars, 
four-motor equipment is probably most commonly found, 
although many roads are operating with but one motor per truck. 
Tests which have been made with the same car equipped in both 
ways disclose the fact that, under certain conditions, such as 
heavy grades, large number of stops per mile, and severe climatic 
conditions, the four-motor equipment will require less power for 
the same schedule. This is largely due to the distribution 
of torque over the larger number of driving wheels. ‘This 
torque distribution, as well as the reserve capacity over that 
called for by the theoretical calculations, especially under the 
abnormal conditions of snow fighting and making up lost time, 
is usually considered of tangible monetary value by traction 


managers. 
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For these reasons the four-motor equipment. has generally 
found favor where heavy cars are used. While the control 
equipment and car wiring are slightly more complicated with 
the four-motor equipment, the ability to use two motors, ordi- 
narily with one on each truck, in case of failure of one or more 
of the other set is worthy of consideration. In short, the con- 
tinuity of service and the maintenance of schedule speed must be 
thought of as well as first cost of equipment and operating 
expense. 

Figure 135 shows the Baldwin truck, which is especially suit- 
able for heavy, high-speed, electric-railway service, or for use 
under motor cars on electrified sections of steam lines. 


Fie. 135.—Baldwin truck for interurban cars. 


This truck is of the equalized pedestal type with angle-iron 
end frames. The side frames are of forged iron, and they are 
secured to the end frames by corner gussets, and to the channel 
transoms by heavy cast-steel gussets which support the brake 
rigging. This provides a rigid construction and prevents ‘“‘dia- 
mond pointing.” The pedestals are of wrought iron, and are 
fitted with steel-plate wearing gibs. The equalizers are made 
with easy curves, and support the frames through twin helical 
springs, while the bolster springs are triple elliptic. The bolster 
is a steel casting, suspended on swing links. 

Lighting.—The very unsatisfactory nature of car lighting at 
the present time, especially upon interurban roads, has been 
commented upon in a previous chapter. The reason for this, 
in the face of public criticism on roads where everything else is 
done for the convenience and comfort of the passengers, is difficult 
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to understand. The present method of lighting is that of using 
several series of five incandescent lamps, each protected by fuses 
and connected directly between the trolley and ground so that 
the lights will not be extinguished when the circuit breaker 
opens. Several clusters are distributed throughout the hood of 
the car and often a light is placed over each seat. The incandes- 
cent headlight, if one be used, may be lighted in place of the 
vestibule light on the front end of the car by means of a snap 
switch. All the lights are, of course, dependent upon trolley 
voltage, which has been previously shown to vary over a wide 
range, with more than proportional variations in light intensity. 
A lighting system independent of trolley voltage must sooner or 
later replace this unsatisfactory method of car lighting. 

In the high-voltage, direct-current systems the lighting circuit 
usually receives its energy from a dynamotor or motor-generator 
set, which transforms the high trolley voltage down to 600 volts 
for the air-compressor, lighting, and control circuits. Where 
alternating-current systems are used, the lights are usually fed 
from a small special transformer. 

The use of tungsten lamps is a distinct advance over the old 
carbon-filament lamps, as they are much more efficient and are 
not affected to so great an extent by voltage variations. 

The fact that low-voltage tungsten lamps are particularly well 
adapted to railway work has made possible a new type of light- 
ing system that is being tried out with very gratifying results so 
far by a well-known interurban road! which has to meet severe 
competition from steam roads. In this system the lamps are 
lighted from a storage battery. The 30-volt system, which has 
practically become the standard in steam-coach lighting systems, 
is used. The batteries are charged by means of a motor-gener- 
ator set, the charging being done in the daytime. The motor- 
generator set is of such design that its terminal voltage is not 
greatly affected by variations in the line voltage and, therefore, 

complicated voltage regulators are not required. 

Arc headlights are often used on interurban cars with some 
provision for operation upon city streets, such as a gauze shade, 
reduced voltabe, polarity reversal in the case of the magnetite 
arc, or the substitution of an incandescent lamp. ‘These head- 


1 Michigan United Traction Company. See Elec. Ry. Jour., July 18, 
1914, 
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lights require from 4 to 414 amp. at 550 volts, of which more than 
80 per cent is wasted in external resistance. At present, high- 
power tungsten lamps equipped with good reflectors are being 
used to a considerable extent in headlight service. 

Car Heating and Ventilation.—At present four types of car- 
heating systems are available, namely: electric, hot water, hot 
air, and coal stoves. First cost, cost of operation and mainte- 
nance, convenience in handling, safety, type of car, severity of 
climate, and nature of run-are some of the factors which affect 
the choice of a heating system. All-steel cars usually require 
from 20 to 30 per cent more heat than do wooden cars operating 
under similar conditions. The use of double window sashes in 
severe weather reduces the amount of heat necessary to keep a 
car in comfortable condition. Interurban and other long-haul 
cars must be heated differently than the city car, where the 
length of ride is usually short and passengers do not remove 
their outer wraps. 

Many city cars and some of the smaller interurban cars are 
heated by means of electric heaters provided with switches 
located in the vestibule which will permit several degrees of heat. 
Heater regulation (1) by the car crew, (2) by the dispatcher, (3) 
by automatic means has been tried out. While in first cost it 
is most expensive, the automatic method of control, in which a 
thermostat regulator controls the manipulation of the heater 
control switch, seems to give the best satisfaction. Electric 
heaters should be so placed that the clothing of passengers can- 
not come into contact with any part of the heater or cannot 
screen the heater so that currents of air cannot pass freely. The 
electric system of car heating is clean, convenient, and easily 
maintained, but is costly to operate. The problem of car heating, 
especially upon long, exposed runs at high speed in the coldest 
weather, is a serious one, a car requiring from 10 to 30 amp. at 
550 volts for such service. One large city railway system in 
particular, although able to supply the demands of summer traffic 
with existing power-station equipment, was forced to install 
additional apparatus and enlarge its station in order to meet the 
car-heating demand in winter. 

Ventilation, with the electric system, is secured in several ways. 
One method employs a small motor-driven blower which draws 
outside air through a duct from some place near the roof and 
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forces it through other ducts which have outlets near the heaters. 
The foul air ascends and passes out at the ceiling through special 
ventilators. In another method the ventilators are so shaped 
that they act as “‘ejectors” when the car is in motion and draw 
the foul air out of the car, fresh air being supplied through holes 
in the sides of the car near the heaters. In many city cars the 
doors are the only means of ventilation in the wintertime. 
However, public opinion is becoming rather exacting on the 
point of ventilation, and the better types of cars are being 
equipped with ventilating systems. A ventilating system, to 
be effective, must be able to supply from 600 to 800 cu. ft. of air 
per passenger per hour. 

In many of the newer types of cars a special type of hot-air 
heater is being used. A motor-driven blower draws fresh air 
from the outside of the car and forces it over the heating surface 
of an enclosed stove or hot-air heater. The air is then either dis- 
charged directly into the car or distributed by means of ducts to 
various parts of the car. The foul air escapes through ceiling 
ventilators. These heaters usually burn hard coal. They 
require very little attention and are very economical. 

The coal stove is practically obsolete as a means of car heating. 

Interurban companies, and especially those operating single- 
end cars, have adopted the hot-water heating system almost 
exclusively, the heater being located in one end of the car, prefer- 
ably in the baggage compartment or motorman’s cab. This 
system has the double advantage of low cost of operation and 
more even distribution of heat in the car, this being accomplished 
by means of pipes encircling the car near the floor, as in the cars 
of steam railroads. Ventilation is secured by methods similar 
to those described under electric heating. 

Current Collection.—Little change has been made in the over- 
head trolley since the earliest days of electric traction, its opera- 
tion being entirely satisfactory except for the very highest speeds 
or for the collection of very heavy currents. Large trolley wheels 
are used for high-speed service and each road has a particular 
composition for the wheel casting which it believes to be best for 
local conditions. Wheels should run from 5,000 to 10,000 miles 
before replacement is necessary. fade 

The pantograph bow collector is coming into general use in high- 
voltage, high-speed service. Such a device is illustrated upon a 
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car in Fig. 136. It is raised to the wire by air pressure, the 
controlling valve being in the motorman’s cab. With this type 
of collector the alignment of the trolley wire is not important, 
as the collector is often 2 ft. or more in length and any transverse 


Fig. 136.—Pantograph and wheel trolleys. 


movement prevents local wearing of the collector. A near 
view for the pantograph collector built by the General Electric 
Company for the electric locomotives of the Chicago, Milwaukee ~ 
& St. Paul Ry. is shown in Fig. 137. 


Fig. 137.—Sliding pantograph trolley. (Chicago, Milwaukee & St. Paul R.R.) 


The third-rail shoe for collecting heavy currents from the third 
rail mounted beside the running rails has been referred to previ- 
ously. A view of one of the many types may be found in Fig. 138. 
Some difficulty has been encountered in the past with this con- 
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struction in winter, for if sleet be allowed to form on the rail the 
shoe tends to ride on the sleet and a poor contact with much are- 
ing results. Various methods have been devised to overcome this 
difficulty with more or less success. Those most used are a steel 
brush or scraper placed ahead of the shoe and the sprinkling of the 
third rail with brine. 


Fig. 138.—Third rail shoe and mounting. 


Car Wiring.—A great deal of laxity has existed in the past in 
regard to car wiring and many accidents and fires have resulted 
in consequence. As the Underwriter’s Code does not rigidly 
apply, since cars are not insured, the tendency has been to use 
little care in running the wires under the car. Rubber-covered 
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wire is, of course, used, but it is customary to group all the wires 
together in one or two cables in a length of canvas hose hung from 
the car sills and extending from motors to controllers. The 
cable extending from the trolley base is supported on the top of 
the car roof by means of brass clips and is carried either into the 
car vestibule to the circuit breaker with only the insulation of the 
wire or, in the case of master control, it is carried down one of 
the corner posts of the car in molding. 

The Fire Underwriters! have drawn up a code of rules for 
car wiring and many improvements have resulted therefrom. 
Asbestos-lined conduit is now often laid under the seats of the car 
for the installation of cables, while in the better types of construc- 
tion, iron conduit is installed as in building wiring. Present 
practice also involves the use of asbesto-lumber or galvanized- 
iron protection between wiring and wooden-car frames, especially 
over the rheostats. Car-wiring diagrams will be considered 
under Types of Control, Chap. XXIV. 

Special Types of Cars.—The preceding discussion applies to all 
types of cars. The special features of cars designed for a 
particular service will be outlined below. 

Pay-as-you-enter Cars.—The introduction of this type of car 
a few years ago practically revolutionized the construction of cars 
intended for city, suburban, and light interurban service. Briefly 
stated, the advantages of the pay-as-you-enter system are as 
follows: 

1. The number of platform accidents is greatly reduced. 

2. The conductor can collect all fares. 

3. Passengers within the car are not disturbed by the con- 
ductor walking back and forth, and outgoing passengers are 
not blocked by incoming passengers. 

4. The conductor has better supervision over the car. 

An apparent disadvantage is the increased length of stop, but 
this has not proved to be serious, as the platforms in this type of 
car are very large, and when this platform is filled the car is 
started. The fares are paid before the passengers enter the car 
but during the period the car is in motion. This procedure, 
together with the time saved by the conductor being in a position 
to start the car promptly, has permitted the same schedule to 
be maintained in several cities with less cars when this type of 
car has been adopted. Views of cars equipped with prepayment 


devices will be found in Figs. 189 and 140. These cars are fre- 
quently designed for single-end operation. 
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Fig. 139.—Plan of one-man, two-man car. 


Fra. 140.—Platform of one-man, two-man car. 


Thése cars are adaptable to one-man operation during the non- 
peak periods, and for operation with two men or in trains during 
the rush hours. In addition to the dead man’s control and safety- 
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device equipment, characteristic of the safety car for one-man 
operation, wherein it is impossible to open the front-entrance or 
exit doors until the brakes are applied or to start the car until 
they are closed, provision is also made for absolute safety when 
operated as a two-man car or in two-car trains. In the former, 
the conductor cannot open the rear doors until the brakes have 
been applied and the motorman cannot get the light signal to 
start until these doors have been closed. Likewise, in a two-car 
train the brakes must first be applied before any of the doors can 
be opened, and all the doors must be closed before the motorman 
has the signal to proceed. 

Another innovation included in the equipment of these new 
cars is the use of air and electric couplers, which permit the coup- 
ling of two cars of this type, connecting the two air lines and the 
various electric circuits, with one impact of the two drawheads. 
If the cars should become uncoupled, the emergency brakes 
would be automatically applied. 

Another safety feature is obtained through an emergency cord, 
which extends through the cars of the train, enabling either con- 
ductor to bring the car to a stop regardless of the position of the 
motorman’s brake-valve handle. 

The prepayment plan of fare collection may, of course, be used 
with any type of car. In order, however, to make the best pos- 
sible use of the advantages offered by the prepayment system, the 
following devices and modifications in car construction were 
introduced: 

1. Means for separating the incoming and outgoing passengers. 

2. Large platforms or vestibules with unobstructed openings 
into the car body. 

3. Means of controlling the doors. 

City Cars.—In the smaller cities where traffic is not particu- 
larly heavy, the 20-ft., single-truck car with the longitudinal seats 
is still used. The corresponding summer equipment would be a 
20-ft., 10-bench, single-truck car with running board. Officials 
differ as to the advisability of maintaining a double motor equip- 
ment, and many of the smaller roads shift the equipment twice a 
_ year from one type of car to the other. With single trucks this 
involves considerable labor, but if double trucks be used the 
trucks complete with motors can be changed with little trouble. 
Where summer traffic is heavy, especially to summer resorts, the 
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35-ft., 15-bench, double-truck open cars or small trailer cars are 
used. 

In the large cities the convertible or semiconvertible double- 
truck cars (Fig. 141) with either transverse seats throughout or a 


Fig. 141.—Monitor-roof-type city car. 


combination of transverse and longitudinal seats, are still being 
used, although many of them have been equipped with the various 
prepayment devices. Figure 142 shows a typical modern car of 
the same general design. These cars are used throughout the 


Fic. 142,—Arch-roof-type city car. (The J. G. Brill Company.) 
year. This avoids duplication of equipment and the dangers 
incident to the operation of the running-board type of car in 
congested districts. Cars with transverse seats are much more 
comfortable, especially for long rides, but they do not permit 
rapid ingress and egress, nor do they provide the standing room 
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for a given size of car that the longitudinal seats furnish. The 
combination of both types of seats for long cars, with the section 
of transverse seats in the center of the car, permits the long-haul 
passengers to ride in comfort and yet furnishes more readily 
accessible seats and standing room for the local traffic. 

It will be noted that the newer type of car has tightly closed, — 
folding doors, folding steps, enclosed hand grips, marked open- 
ings, shielded drawbar, and, in general, offers no opportunity for 
careless passengers to hang on outside of the car. The doors are 
operated either by compressed air or manually by means of a 
system of levers, and are always closed before the car starts. The 
bulkheads or partitions which separate the platform from the 
main part of the car body are often eliminated in modern cars. 
By so doing greater capacity is secured and there is less obstruc- 


Fie. 143.—Stepless center-entrance car. (Kuhlman Car Company.) 


tion to the entrances and exits. Pipe railings, as indicated in 
Fig. 140, divide the incoming from the outgoing passengers. . 
Most of these special features are found on all new cars of all 
types intended for city service. 

The ‘‘stepless,” center-entrance car (Fig. 143) introduced in 
New York City a few years ago, is becoming an extremely popu- 
lar type of car for service in large cities. These cars are found in 
various modifications. The body is mounted on low-wheeled, 
maximum-traction trucks and the entrance is only a low step 
above the street level. A couple of low steps or one step and an 
incline or “ramp,” completes the passageway from the entrance 
platform or “well” to the car deck proper. These cars can be 
loaded and unloaded very quickly and because of the absence of 
end platforms have great seating capacity. The car shown seats 
51 passengers. 
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The “near-side” car (Fig. 144) is being used to an increasing 
extent, particularly for one-man operation. In the larger cars 
both conductor and motorman are in the front end. The front 
doors are used in service, the rear door being an emergency exit. 
All doors are controlled by the motorman and are either of the 


Fig. 144.—Near-side car. (The J. G, Brill Company.) 


manual- or power-operated type. The car is particularly well 
adapted for one-man operation on lines which handle light traffic. 
Only one stop per block is required even when the cross-street 
traffic is heavy, because the car stops on the ‘‘near side” of a 
street intersection and loads from the sidewalk line. Plat- 


Fig. 145.—Double-deck car. (The J. G. Brill Company.) 


form accidents are reduced to the minimum and the number of 
collisions with vehicles on intersecting streets are greatly reduced 
when this type of car is used. 

Several companies operating in large cities have again intro- 
duced types of double-deck cars (Fig. 145). A construction 
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similar to that of the low center-entrance car has eliminated part 
of the objections that were formerly urged against this type of 
ear. As these cars will seat a very large number of passengers, 
they are particularly well adapted to the carrying of large masses 


Fie. 146.—Center-aisle open car for Honolulu. (J. G. Brill Company.) 


of passengers, such as must be handled at certain periods of the 

day in the vicinity of large industrial works. 
The type of the car shown in Fig. 146 is typical of the country 

in which it will operate, permitting the passengers to enjoy the 
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Fia. 147.—Floor plan of standard safety car. 


pleasant climate and at the same time affording protection from 
the sun and the rain. 

Birney Safety Cars.—During the last few years the Birney 
Safety Car has become exceedingly popular. These cars are 
operated by one man and, therefore, the cost is reduced. 
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Due to the fact that they are lighter in weight they use less 
power and can be run at higher speeds. 

Suburban Cars.—This service in large cities is maintained with 
the semiconvertible and the stepless double-truck type of cars. 


Fig. 148.—Standard safety car. 


The car bodies are usually larger and the motor geared for higher 
speeds than are used for city service. 


Fie. 149.—Open-running-board car. 


Open, running-board cars are used much more in the East than. 
in the Middle West for suburban service. Such a car, 42 ft. 
6 in. in length and weighing 13 tons without electrical equipment, 
is shown in Fig. 149. 
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Interurban Cars.—Cars which have been developed for inter- 
urban service, which has recently grown so rapidly, particularly 
in the Middle West, are patterned after the steam-railroad 
coaches. They often reach lengths of 68 ft. and weights of 50 
tons. These cars have transverse seats and are divided into four 
compartments, for motorman’s cab, baggage, smoking, and main 
passenger service, respectively. This design often precludes 
double-end operation. A plan view of such a car may be seen 
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Fria. 150.—Plan of interurban car. 


in Fig. 150, while a similar car designed as a sleeper and oper- 
ated upon the Illinois Traction Company’s lines between St. 
Louis and Peoria, IIl., is illustrated in the plan view of Fig. 151. 

The better classes of interurban cars now being built are of all- 
steel construction. A typical all-steel car embodying all of the 
latest refinements in car design is illustrated in Fig. 152. 

A light, low-wheeled, center-entrance car somewhat similar to 
Fig. 143 has been tried out in interurban service by one inter- 


Fig. 151.—Plan of sleeping car. 


urban railway company! operating a short road which enters a 
large city over the tracks of the city railway system. No diffi- 
culty has been encountered in handling the traffic and maintain- 
ing schedules formerly handled and maintained by cars weighing 
two or three times as much. The great passenger-carrying 
capacity, low energy consumption, and facility for operation on 
congested streets, which these cars possess, have opened a new 
field for them in this class of interurban service. 
1Pittsburgh Railways,” Elec. Ry. Jour., p 250, Aug. 8, 1924. 
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Elevated and Subway Cars.—In the elevated and subway 
service in the largest cities a slightly different type of car is 
required, although it is patterned closely after the interurban car. 


Fig. 152.—All-steel interurban car. (St. Louis Car Company.) 


Exits are so located as to be flush with the platform floors, no 
steps being necessary. In Boston and New York both side and 
end doors are provided and with the traveling public trained 


Fig. 153.—Chicago elevated eight-car train. 


to enter by the end door and leave the car by the side door, some 
time is gained at the station. Both transverse and longitudinal 
seats are provided. These cars are designed to operate in 
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trains, each train consisting of both motor cars and trailers, all 
motor cars being operated by means of the multiple-unit control 
from the motorman’s cab of the forward car. In the Boston 
subway, steel cars are now being adopted, one of this type being 
illustrated in Fig. 154. 

While the life of passenger cars will vary from 10 to 20 years, 
depending upon the type, severity of service, and the attention 
which they receive in the shops, obsolescence has been the reason 
for discarding most of the cars used thus far, 7.e., traffic demand 
has required that larger and better cars replace those in operation 
before the latter were actually worn out. 


ee 
i Mie kE RI 


Fie. 154.—Steel motor car, used in Cambridge subway. 


Freight Cars.—The car-body construction of motor cars used 
in handling freight and express is similar to that of the standard 
express car used in steam-railway service. Sometimes these 
car bodies are equipped with extra-heavy underframing, trucks, 
and motors, and used as locomotives for hauling short trains of 
standard steam-road freight cars. 

Storage-battery Cars.—The great improvements made during 
the last few years in storage batteries, bearings, and light mechan- 
ical parts, brought about largely by the wonderful development 
of the modern automobile, have contributed much to the success 
of this type of car for certain classes of service. In 1913 there 
were 280 of the cars in use on 45 different roads in the United 
States.1. The number has increased considerably since then. 

1 Elec. Ry. Jour., Oct. 4, 1913. 
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Storage-battery cars are particularly well adapted to meet the 
service requirements for: 

1. Cross-town lines with light traffic. 

2. Lines where either narrow streets or legal requirements 
prohibit overhead construction. 

3. Very small roads. 

4, Accommodation trains on short steam roads, afd light- 
traffic, branch-line service in connection with large steam-railway 
systems. 

In order to minimize the energy consumption, great care is 
taken in the design of these cars. Usually, all of the bearings 
are of either the ball or roller type, the car ends are shaped to 
minimize air resistance, and all unnecessary weight is eliminated. 

A car purchased by the Cambria & Indiana R. R., a short 
coal road in Pennsylvania, has a seating capacity of 52, is 50 
ft. long, and weighs 29.5 tons. It has baggage, smoking, and 
toilet compartments, in addition to the regular passenger com- 
partment, and is equipped with four 25-hp. motors and 240 
Edison A-12 cells for power and 10 Edison A-12 cells for lighting. 
The battery equipment weighs 7 tons. The car has a maximum 
range of 130 miles on level track and a maximum speed of 35 
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Fig. 155.—Plan of gas-electric car. 


Gas-electric Car—aIn several instances, particularly upon 
branch roads acting as feeders to trunk lines, where traffic is light 
and the installation of an electrical distribution system therefore 
unwarranted, and yet where the advantages of electric traction 
are worthy of serious consideration, the gas-electric car has found 
a place. This car not only provides for from 40 to 50 passengers, 
together with a baggage compartment, but also a complete 
power plant, a flexible distribution system, and a motor car 


combined. In the front end, above the floor, is located an eight- 
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cylinder, 100/125-hp., four-cycle gas engine, direct connected to 
an 80-kw., 600-volt, commutating-pole, direct-current generator 
with exciter. A series-parallel controller regulates the supply 
of current from this generator to two 100-hp. motors mounted on 
the front trucks. Additional flexibility of control is provided by 
the regulation of the voltage supplied to the motors by the varia- 
tion of the generator field strength. The controller is also pro- 
vided with means for regulating the engine ignition and the 
throttle. The car may be started, stopped, and reversed with 


Fie. 156.—Elevation of gas-electric car. 


the engine running continuously in one direction. A trolley is 
often provided by means of which the car may be operated on 
standard direct-current trolley systems without change in the 
control equipment. 

Reports from roads where these cars have been installed showa 
marked reduction in operating expenses and maintenance charges 
over those of steam-operated trains, although their comparatively 
recent introduction has not permitted an accurate comparison 
over an extended period. A plan and elevation of one of these 
cars may be found in Figs. 155 and 156, respectively. 


CHAPTER XXII 
MOTOR BUSSES 


The subject of electric-railway engineering has recently 
become very much interrelated with that of motor-bus trans- 
portation. Either as a competitor or as an auxiliary feeder to 
an urban or interurban railway, the motor bus should be con- 
sidered at least from its economic standpoint, if not in its details 
of design and operation. Reference to the tables of Chap. II 
will indicate the status of the motor-bus problem from the 
standpoint of traffic requirements. 
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Fig. 157.—Bus. (Chicago, North Shore & Milwaukee R. R.) 


Growth. Extent and Comparison with Electric Railways.— 
According to a survey by the Bureau of Census, motor busses 
carried approximately eleven million passengers in the United 
States during 1922. The electric railways carried approximately 
twelve billion passengers during the same period. This clearly 
shows that during 1922 the bus was nearly 0.09 per cent as 
important to the general public as the electric railway. The 
actual figures as given by the Bureau of Census are: busses, 
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11,852,276 passengers; electric railways, 12,665,300,050 passen- © 
gers. Even if in the last year (1923) the electric railways carried 
the same number of passengers as in the year 1922, and the busses 
carried double their number, the bus will comparatively have 
very little general importance as contrasted with the electric 
railways. Though the bus transportation is growing with 
remarkable rapidity, yet it is as yet of minor consideration. 

No substitute has yet been developed for the railway in haul- 
ing a large number of people. As a supplementary service, and 
for purposes of traffic development, the motor bus has a field of 
distinct usefulness. The motor bus can prove an excellent auxil- 
iary to the present transportation system, provided it is operated 
under fair regulation and fair control. 

In connection with the principle of coordination of service 
between the bus and the trolley, the report of the special com- 
mittee of the U. §. Chamber of Commerce should be interesting. 
This report declares that the bus and the electric railway cannot 
permanently exist in a community and pay their way in competi- 
tion with each other. There should be in each community a 
single reliable transportation agency rather than individual 
transportation units. The electric railway is the best medium 
for mass transportation of passengers, and should be the founda- 
tion of the suggested coordinated transit system. 

Regarding regulation, the Committee states that anyone 
engaged in the business of common carrier by motor vehicle 
should be subject to regulation by Commission as to its rate and 
service, just as any other common carrier. Regulation by state 
bodies having jurisdiction over intrastate traffic has generally 
been accepted in this country and should be applied to motor- 
vehicle common carriers as well as to the other public utilities. 
Primarily, the purpose of all these laws is to protect the public 
by securing: 

1. Regular and adequate service. 

2. Reasonable rates. 

3. Responsibility of carrier for damages which he may cause 
during transportation. 

The Committee also points out that the present railway taxes 
are unsystematic, to say the least, yet amount, with imposts, 
to nearly $100,000,000 a year, while the maintenance of track 
amounts annually to even more than this sum. The tax should 
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TaBLE XXVII.—PassenceRs By Monrus on Norta Siwz Bus Lines 
(Chicago Motor Bus Co. in 1922) 
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Fia. 158.—Relative area occupied and seating capacity of passenger vehicles. 


be based on both gross and net returns, rather than an ad valorem 
tax, for greater tax simplification and for placing the entire 
expense of maintaining improved highways upon the users of 
these highways. ‘This will make each form of transportation 
bear its fair share of the public expenditure. 
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In the motor bus the gasoline motor should not be put to wrong 
use. The gasoline and electric motors should be compared on 
several bases. The following leading differences may be noticed: 

1. The gasoline motor is weak on acceleration. 

2. Reliability is an inherent virtue of an electric motor. 

3. The electric motor excels in low maintenance cost. 

4, Gasoline cars necessitate large shops. 

5. Gasoline cost will be a determining factor. 

As the buses are very extensively used in Great Britain, where 
they have proved very successful, the following statistics and 
economic features are given for general information. The 
figures are taken from the Sheffield Corporation of Tramways 
and Motors. 


AVERAGE EXPENDITURE PER Bus MILE 


1915 1918 1919 

cents cents cents 
eDraiicyexpensess seat eiceree treet 6.02 9.86 14.17 
General expenses................. 0.74 0.76 1.06 
[Repaired c COUN tate tale neers) cea 3.83 8.82 9.05 
Road maintenance account........ 0.11 0.29 0.40 
Power expenses (gasoline)......... 3.37 8.31 LISLO 
Total working expenses.......... 14.07 28.04 35.78 


Comparative Figures or TRAMWAYS AND Bussus, 1918-1919 
Sheffield Accounts 


Per car Per bus 
mile mile Bus expenses are 
cents cents 
Working eXpensestwaan seme 24.77 35.79 | 44.5% more than tram 
Service of debt (capital)...... SS 1.85 | 45.3% less than tram 
Total expenses..,.........| 28.14 37.64 | 33.7% more than tram 
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CoMPaRaTIVE FIGURES OF TRAMWAYS AND Busszs, 1918-1919. (Continued) 
Sheffield accounts 


Cents Cents 
tram per | busses per Bus expenses are 
pass. pass. 


Se SE ee eee ee eee eee 


Working expenses........... 1.48 4.27 | 198% more than tram 
Service of debt (capital)...... 0.19 0.22 | 123% more than tram 
Total expenses............ 1.62 4.49 | 175% more than tram 


Tram per | Bus per 


seat car seat bus Bus expenses are 


mile mile 
cent cent 
| 
Working expenses........... 0.46 1.06 | 131.3% more than tram 
Service of debt (capital)...... 0.06 


0.05 | 129% less than tram 


Total expenses <. oui oes O52 1.11 | 114.1% more than tram 


1 This is an important figure and one which is overlooked by motor-bus 
advocates. The impression usually left is that the difference in capital 
expenditures is much greater. 


Per car Per bus 
mile mile Bus receipts are 
cents cents 
Pir atitesrecelptcn = asi sn en ees. Bowe 40.91 | 23.5% more than tram 
Traffic receipts per seat pro- 
VICECE META G eens cee. 0.61 0.122 | 98.0% more than tram 
Average fare charged per mile 1.30 3.0 130% more than tram 


The following conclusions may be drawn from the above table: 

1. That the revenue expenses of running the motor bus amount 
to 44.5 per cent more than for the tram car. After giving the 
motor omnibus the benefit of comparatively lower first cost 
(capital), it still costs 33.7 per cent more than the tram car to 
operate per mile. 

2.The revenue expenses per passenger carried on the motor 
omnibus are 198 per cent more than on the tram car. The total 
expenses per passenger carried are 176 per cent more on the bus 
than on the tram car. 
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3. That for the seats provided, the omnibus revenue expenses 
are 131.3 per cent higher than the tram-car revenue expenses. 
The total expenses per seat provided are 114.1 per cent higher 
on the bus than on the tram car. 

The average speed of the buses is 9.97 m.p.h. and that of the 
tram car 8.65 m.p.h., that is, 15.26 per cent in favor of the bus. 
It is necessary, however, that reduced rates for fuel should be 
secured if the bus is to render most extensive service. 


Fia. 159.—Double-decked summer bus for city service. 


The following data are obtained from an interurban bus 
company which is running on a profit basis in Seattle, Wash.: 


Statistics or Bus LINE 
(Route of 16 miles) 


1917 1916 
Bus milés..5. cc seuss Ge ekse ec seas eee 134,352 113,040 
Revenue from operation.................--- $27,032.56 | $19,213.29 
Operation expensesiiid.. Aki ktht chee eee 21,045.11 15,551.44 
Depreciationy Sons eepasess <n eee eee 4,142.24 5,193.30 
Taxes (covering 1916 expenses)............. 126.24) | occ 
Total RE en EME Chats dso v0 $25,313.59 | $21,744.75 
| Doi ne et RAN ails igtcno all) Sdceinaoec 2,531.45 
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On the basis of the bus-mile unit, receipts in 1916 averaged 17 
cts., in 1917, 20.12 cts. Operating expenses, including depreci- 
ation, dropped from 19.23 cts. in 1916 to 18.84 cts. in 1917, but 
excluding the reduced allowance for depreciation the operating 
expenses for 1917 were 15.66 cts. per bus-mile against 14.64 cts. 
in 1916. | 
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Fig. 160.—Double-decked closed bus, winter city service. 


In contrast, the following data are taken from the accounts of 
San Francisco Municipal Bus Line for 1918. To give the service 
the company purchased five busses and rented three, all of 19- 
passenger seating capacity. 


PASSENGER TRAFFIC CARRIED IN April, 1918 


Tickets 
Line Hicentui| = cio 7 ca aoe moe rans] Free Total 
Q.M. School Jets 
Nopislines suns} 19:190|, 1 779 |14,654 |32 | 34,656 
ROU noe > 2 Ae oa EN ay ee 116 | 6649 | 2 | 14,346 
Nous ines ee deers 26,.273| 1 595 | 25,182 |33 | 52,089 
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Bus-LINE OPERATION 


Rate Nov tice. «canis acre taser tite srait aon merentererces $ 959.90 
Route NO#2:3 occ sees cae eens seco. aioe 378.95 
Rottte Nona sites scree erent eee oer 1,332.25 
Total receipts cco da. eg ee eee ie ere $2,651.10 
Repair to busses owned, exclusive of $749.13 for tires 
which are charged on the mileage basis.......... $ 400.53 
Conductor, chauffeur of busses owned............. 1,172.15 
Garage expenses of busses owned ................-- 973.77 
Rentalvof ‘bussesis. ijt; « eect eee ee Pete ae ints! « 747 .29 
Conductor, chauffeur of busses rented............. 566.05 
Operating loss. eee eee $1,955.98 
Reserves: 
Depreciation (18 per cent of receipts).........:.. $ 477.20 
Compensation insurance ($2.39 on $1,738.20)... 41.54 
Total reserves. a22520 4 oe Cane ene eee $ 518.74 
Gross excess of expenses over receipts, exclusive of 
CITES ois aa og hs PUG ela ee ciel eee ee $1,727.43 
Revenue credits: 
Two quartermaster’s tickets, 10 cts.; 1,490 school 
tickets, $37.25; and 46,485 local transfers, 
$1, 162.13. 30). vata aoc ae ae ee eee ee $1,199.48 
Net excess of expenses over receipts, exclusive of 
PINES aaa oe: te oe ROE re $ 527.951 
32,645 miles at 5 cts. per mile (estimated).... ..... $1,632.25 
Net loss: foreApril 19S ee cere eee ieee 2,160.20 
Average net loss per diemiy...00) eee eee ee 72.01 
Bus mileage in April, 1918, miles.................. 32.645 
Receipts per bus-mile in cents.................... 0.081 
Operating expenses per bus-mile, except tires and 
TOSCT'VES:.. .. scslee ee santo ere) v SLOT MIRA ne ner 0.118 
Operating loss per bus-mile, except tires and reserves 0.037 
Gross excess of expenses per bus-mile.............. 0.016 
Net loss per bus-mile, tire expense included.. ..... 0.066! 


Examination. of the three instances quoted above show that 
a number of companies are operating busses to advantage, while 
others are running at a loss, due probably to faulty management 


or poorer business possibilities. 


1After crediting bus line with proportionate transfers and tickets. 
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In a country with good ead and better weather, where 
bus transportation can be carried all the year around, there is a 
very distinct and profitable opportunity for aaa passenger 
traffic by auto busses. Such conditions are found in California, 
where the busses can run throughout the year. Asa result, quite 
a considerable number of long-haul bus companies are running on 
a profitable basis. 

There has been a considerable amount of dissension between 
the decisions of the commissions as to the regulation of the 
bus transportation in coordination with the electric railway. 
Decisions are found both for and against the state regulation, 


Fig. 161.—Kuhlman ‘‘Delux’’ Bus (sixteen passenger, one-man front entrance 
j city bus). 


as with other public utilities. The following is from a decision 
of the District of Columbia Public Utilities Commission Order 
No. 492, F.C. 126, which clearly points out the desirability 
of motor-bus operation by the street-railway companies, and 
consequently subject to the state regulation. Both the dis- 
cussion and the decisions are quoted: 


It so happens that certain streets, mostly diagonal, not occupied by 
car lines, lend themselves by their width or by their direction to more 
rapid and more direct transportation than it is possible for the street 
railway lines to afford between the same termini. It is on such routes 
that bus lines have been established or sought to be extended, and 
invariably they take from the car companies the cream of their traffic— 
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the short-haul rider—this notwithstanding the fact that the bus lines 
pay into the public treasury no gross receipts nor paving taxes and 
nothing for street crossing policeman, while, on the other hand, they 
accentuate the congestion on our streets, add to the wear on our roads, 
and increase the need for the traffic police. 

In our opinion, there is a legitimate field for bus service, but this does 
not lie in the multiplication of lines or of vehicles reaching the heart of 
the city. It lies rather in providing service in extension to the street 
car lines into territory so thinly settled as not to justify the large invest- 
ment necessary for street railway service. The bus lines should be 
feeders. They should create business and not rob the street railway of 
the just reward due their heavy investments for the public benefit. 
An exception to this principle arises when the existing street railway 
service proves to be inadequate and, for reasons either physical or 
financial, additional street railway lines cannot be created. In such 
cases, even in thickly settled territory, the obvious recourse is to the bus 
line; but, in the absence of legal objections, the best interests of the public 
will be promoted by causing such lines to be owned and operated by the 
street railway companies and to coordinate them with the car lines 
so that transfer privileges and other desirable joint relations may 
result. 


On the other hand, Commissioner Shaw dissents from the 
majority opinion, saying: 


In general, I believe it may be said that regulation contemplates that, 
as long as a utility renders adequate service at reasonable rates, it should 
not be subject to competition for the reason that when adequate service 
is rendered at reasonable rates a duplication of plant and facilities is an 
economic waste which, in the end, the general public must suffer. How- 
ever, there is a great difference between a public utility operating motor 
busses and a public utility operating an electric railway, a gas plant, an 
electric plant, or a steam railway. The equipment of a motor bus 
company consists in the main of individual busses to the number 
required, general offices, and a place to repair and house the busses. It 
has no large investment in generating plants, distribution systems, 
track, ete. 

Therefore, in my mind, a public utility operating motor busses is not 
comparable with other utilities subject to regulation. It appears to 
me that the motor-bus business is more nearly comparable with the taxi- 
cab business, over which the commission has heretofore held no 
jurisdiction. 


Plans for the operation of the motor busses in Scranton, 
Pa., in competition with the lines of the Scranton railway, were 
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put to a stop on May 25, 1920, by an order of the state Public 
Service Commission. The basis of decision was that the estab- 
lishment of two competing systems of transportation would be 
contrary to the best interests of the public. 

The Trackless-trolley Bus.—The so-called trackless-trolley 
bus furnishes an important contribution to the art of transporta- 
tion, because its possibilities enable transportation companies 
to extend their lines into the suburbs or into the new sections 
of a city, with an investment 60 to 80 per cent. less than is 
required for a track system to operate cars over the new route 


SOSA 


Fie. 163.—Trackless trolley. 


for two-thirds the cost of the gasoline busses. Trolley busses 
are giving excellent service in some of the large cities of this 
country, but particularly is this true in Europe. The low initial 
investment, flexibility of service, very economical operation, 
comfortable riding, and better starting characteristics should 
prove some of the strong arguments in favor of the trolley bus. 
It is true that there is still a broad field of transportation on 
the city streets for which the rail car is best suited and is the most 
economical means of carrying a large number of passengers. 
There is an equally important field in which the trolley bus can 
furnish an equivalent service at a lower cost than the rail system. 
Even in comparison with the rail system, the field for the gasoline 
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bus is very limited (on headways of 20 min. or longer), while as 
compared with the trolley bus it has little to its credit in a city 
transportation system, except where it is impossible to erect an 
overhead-trolley line. 

The following table shows the cost of overhead construction 
per mile and per foot of route for trackless-trolley bus and for 
electric railways. 


Taste XXVIII.1—Cost or OvEerHEAD ConstRuUCTION PER MILE AND PER 
Foot or Route ror Trackiess TROLLEY Bus AND For ELECTRIC 


RaILways 
Single line Double line 

Trolley Electric Trolley Electric 
us railway bus railway 
eee eee es ~~. ...1| $1,025 | $ 930 | $1,350 |. $1,220 
WALT Kea soo eee el 3,255 2,695 4,265 3,560 
rekuyare oye isl (Onis fC a an 160 140 200 1A5 
Bible Bea ese ea ee $4,440 | $3,765 |; $5,815 | $4,955 

Unit costs on foot basis: 
Unit cost per foot of above items...| $0.841 | $0.717 | $1.101 | $0.938 


Curves, 90 deg., per foot..........| 0.852 0.722 12116 0.950 
Loops, reverse curves or turn outs, 
DELMOOUA eer iiotate <cc2 = ssa *O. 984 0.796 1.222 1.041 


Cross-overs, etc., per foot......... 0.897 0.775 iti 1.001 


1 Bull. General Electric Company. 


In summing up, it may be said that, while the feeder service 
is the most important use of the bus, there are many other 
important uses existing in the territory of practically every 
electric railway. Some of these coordinated uses are: 

1. For express or local service, jointly with railway lines. 

2. For supplementary service on single-track railway lines, 
where the railway headway cannot be reduced to meet the 
demands of the traffic. 

3.. For supplementing the railway carrying capacity in the 
rush hours. 

4, On the new routes in more thickly populated districts, 
say, within 2 miles of the business center, designed to serve dis- 
tricts which are not contiguous to the railway lines, to supple- 
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ment the railway through this zone of maximum loading, and 
to reach important delivery points which it is not possible to 
reach by direct railway routes. 


Fie. 164.—Collecter head for trackless trolley equipment. 


5. To serve important traffic points, like large factories, 
where waiting cars would obstruct the track and where the greater 
flexibility of the bus would permit it to make two or more rush- 
hour trips as compared with one by car. 


TABLE XXIX.—INCREASE IN PASSENGER-CARRYING-CAPACITY OF STREETS 
IN RusH Hours wita Bus Operation 


‘a Streak Space Occupied: Wate eet Carrying Capacity of Street (At Average Loa 
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6. As a substitute for the railway on the lines where the track 
1s worn out and the construction of the new track is not warranted 
or on lines which do not operate and earn operating expenses. 
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7. For faulty service. There is real demand in many cities 
for higher-priced service than the street cars can give. 
8. For pleasure riding. This is one of the most important 
fields for the bus. 
9. For special chartered service. 
10. For emergency service. 


CHAPTER XXIII 
MOTORS 


Much of the theory underlying the operation of the direct- 
current, series motors has been discussed in a previous chapter. 
A brief outline of its construction and selection, together with the 
principle of operation of the alternating-current motors used in 
railway systems, will be herein considered. 

Direct-current Motor.—The direct-current, series railway 
motor differs from the stationary type principally in the design 
of the frame, that of the former motor consisting of an iron 
casting split in a plane through the center of the shaft and hinged 


Fie. 165.—Typical box-type railway motor. 


in such a manner that the lower half of the frame with two field 
poles and windings may be lowered for inspection of the arma- 
ture with the motor in place on the truck. The larger motors 
(Fig. 165) are of the so-called “box” type, with the frame in a 
single casting. The armature is removed from this motor by 
taking off the end bearing plate and drawing the armature out ina 
direction parallel with the shaft through the opening thus made. 
The motor must be removed from the truck for this operation. 
The frames of both types of motors are provided with openings 
330 
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and moisture proof cover plates for ready access to armature, com- 
mutator, and connecting cables. These cables are brought out 
through insulating bushings in the frame of the motor, which are 
usually located on the side next to the truck bolster, in order that 
the movement of these cables may be least when rounding curves. 

Railway motors are generally of the four-pole type with the 
axes of the poles at an angle of 45 deg. with the horizontal in the 
split-frame types. Field coils are wound with cotton- or asbestos- 
covered wire with asbestos insulation between layers, or, in the 
larger motors, with copper strip. The coils are taped, impreg- 
nated with insulating compound with the vacuum process, and 
waterproofed. 

Two sets of bearings are provided in the frame, one pair for the 
car axles and the second for the armature shaft. These are 
of babbitt-lined cast bronze. 

The armature and the commutator are not unlike those of 
stationary motors, except that the armature is series wound and 
requires but two sets of brushes. These are placed on the top 
portion of the commutator and are, therefore, accessible through 
trap doors in the floor of the car. The brush holders are fixed in 
position and support the carbon brushes in a radial position on the 
commutator so that the motor may operate equally well in either 
direction. 

Commutating-pole Motor.—As in the direct-current stationary 
motors and generators, the rather marked advantages of the 
commutating poles are applied to the railway motor. These 
commutating poles are auxiliary poles provided with a winding 
connected in series with the armature. As the magnetic flux 
in these poles will vary with the armature current, the serious 
effects of armature reaction upon commutation are partially 
neutralized by the flux from these auxiliary poles. The latter 
are so designed and located that the short-circuit current in the 
coil under the brush is small and sparking at the brushes, there- 
fore,a minimum. As the output of the motor is often limited by 
commutation as well as temperature rise, the overload capac- 
ity will be increased and its maintenance cost reduced. It is 
claimed that 100 per cent overload may be suddenly thrown on 
and off such a motor without sparking at the brushes. 

Field-control Motors.—A comparatively recent departure 
in direct-current railway-motor design is the construction of 
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the field coils in two distinct parts on the core of the pole, the two 
parts being insulated from each other. The part which is to be 
in continuous service has the larger number of turns. The 
smaller coil of a less number of turns is used only in accelerating 
the car. The four larger coils of the main operating fields are 
connected permanently in series and the four smaller coils are 
similarly connected. When the car is being accelerated the eight 
coils are in series, thus producing a more powerful field and a 
correspondingly greater tractive effort for the same value of cur- 
rent than if the group of four larger coils alone were in the circuit. 
When the car has reached nearly full speed the series of smaller 
field coils is cut out, thus reducing the field and giving higher 
speed for a given current. 

Field control motors may save quite an appreciable amount of 
energy—from 6 to 10 per cent in frequent-stop city service and 
from 4 to 7 per cent on elevated lines. 


Fie. 166.—Pressed steel motor. (Westinghouse Electric & Manufacturing 
Company.) 


Pressed-steel Motors.—Of still more recent development is the 
pressed-steel motor (Fig. 166). Open-hearth steel plates are 
pressed into the desired shapes by enormous presses for the yoke, 
frame, and other integral parts of the motor. Theseare all assem- 
bled and are held together. by hot-driven rivets. The result is a 
motor whose iron parts are 30 per cent less in weight in the 30- 
to 50-hp. sizes, and still lighter in proportion in larger ratings, 
whose magnetic circuits can be operated at a higher density on 
account of the better magnetic qualities of the steel and whose 
every part is strong, unbreakable, free from blowholes, and in all 
ways more reliable than the cast-steel parts of the ordinary motor. 
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The principal drawback to the manufacture of pressed-steel 
motors is the expensive equipment required for pressing out the 
motor parts. This factor restricts the manufacture of this type 
of motor to the most popular ratings. 

Single-phase Motors.—With the increase in length of inter- 
urban lines and their large power demands, together with the 
realization of the high first cost and maintenance charges on the 
converting equipment necessary for long direct-current roads, 
came the serious study of the possibilities of alternating-current 
motors for railway use. It was at once recognized that if a 
satisfactory alternating-current railway motor could be developed 
considerable saving could be made in the above factors and a 
marked simplification in the distribution system effected, as 
pointed out in the chapter on the distribution system, to say 
nothing of the possible reduction in distribution-system losses, 
due to the increase in trolley voltage. As the polyphase motors 
which have been developed were of the constant-speed type 
with inherent characteristics unfavorable in most cases for trac- 
tion, and since the advantages of polyphase transmission at high 
voltage can be gained without the complication of a polyphase 
distribution system and car circuits, the attention of American 
engineers was first turned to the development of the single-phase 
motor for traction purposes. 

This development may be approached either by endeavoring to 
adapt the direct-current series motor, whose characteristics have 
proved satisfactory for traction purposes, for use upon single- 
phase, alternating-current circuits, or the alternating-current 
induction motor may be studied with a view to redesigning it for 
railway use. Both of these viewpoints will be considered in 
the order mentioned. 

Adaptation of the Direct-current Series Motor.—Those familiar 
with the direct-current motor will remember that a reversal 
of the current in either armature or field alone will reverse the 
direction of rotation of the motor, whereas a reversal of both 
field and armature connections will not change its direction of 
rotation. It might be predicted, therefore, that when a direct- 
current series motor is connected to an alternating-current circuit 
of proper voltage, the motor would operate. This was found to 
be the case, although many effects of the alternating current, 
which are discussed below, cause the motor to operate unsat- 
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isfactorily from a practical standpoint unless several changes 
are made in its design. 

The e.m.f. impressed upon a direct-current series motor is 
balanced by the sum of counter e.m.f. of revolution £, and the 
IR fall of potential in field and armature windings. In addition 
to these there exists in the series motor operating upon an alter- 
nating-current circuit the reactive voltage of the series field and 
armature windings. 

The reactive voltages are due to the self-induction of the 
respective windings or, better, to the cutting of the conductors 
by the lines of leakage magnetic flux which encircle one set of con- 
ductors only and are, therefore, not useful in producing counter 
or energy e.m.f. This voltage is 90 deg. in advance of the cur- 
rent and may be treated as though there were an external choke 


ER tRE 
Fie. 167.—Vector diagram for alternating-current series motor. 


coil of corresponding reactance connected in series with the 
motor. It is directly proportional to the frequency of the volt- 
age supply. 
With these voltages in mind the vector diagram of the motor 
may be drawn as in Fig. 167 where 
E = impressed voltage. 
E, = counter e.m.f. of revolution. 
ZI = current in armature and field. 
Ra = resistance of armature. 
Xq = reactance of armature 
R; = resistance of field. 
X; = reactance of field. 
¢ = angle between impressed voltage and current whose 
cosine is the power factor of the motor. 
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From the diagram it will be seen that any change of design 
that will reduce X; and X, will increase the power factor of 
the motor. This is a desirable change, as a higher power factor 
results not only in smaller losses and higher torque in the motor, 
but either lower losses or less copper in the distribution system 
as well. The reactance voltage of the armature JX, may be 
more or less completely neutralized by means of a compensating 
winding, which will be subsequently explained, while that of the 
field can only be reduced by reducing the turns on the field or 
the magnetic flux produced thereby. 

Before these possible changes are studied further the question 
of commutation may well be investigated, for the commutation 
of a direct-current motor operating upon alternating current 


Fig. 168.—Circuit of alternating-current series motor. 


is noticeably poor. It will be remembered that in the commuta- 
tion of direct-current motors care must be taken to have the 
current a minimum in the coil or coils which are short circuited 
by the brushes in order that the spark which occurs when the 
coil is disconnected from the brush by the movement of the com- 
mutator may not be serious. Reference to Fig. 168 will show, 
however, that there is an additional factor to be considered in the 
commutation of an alternating-current motor. The motor is 
quite similar to a transformer in that it has a magnetic circuit 
surrounded by two sets of coils, the field, and the armature. The 
pulsating flux set up by the field generates an e.m.f. due to this 
transformer action in the coils of the armature, those coils in the 
plane a’b’ which enclose the greatest number of magnetic lines of 
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force generating the highest voltage and those in the plane 
ab theoretically zero voltage. But one or more of the coils in 
plane a’b’ are short circuited by the brushes. A large current 
flows through this coil, therefore, as in a short-circuited secondary 
coilona transformer. Unless the design is altered so as to reduce 
this current, vicious sparking will take place and seriously limit 
the commutating capacity of the motor. 

Two methods of reducing this short-circuit current are in 
general use. One makes use of an auxiliary stator coil placed 90 
electrical degrees from the field coils as in the commutating poles 
on direct-current motors. This so-called ‘‘compensating”’ coil 
is in series with the armature and is designed of such strength 
as to neutralize the combined effect of transformer e.m.f. and 
armature reactance e.m.f. While such a coil can be made to 
perform such neutralization for one load and partially neutralize 
the e.m.f. on all loads, its effect is not complete over the entire 
range of load, it being particularly faulty at very light loads. 
One of the large manufacturing companies overcomes this light- 
load fault by inserting ‘‘preventive” leads between the point 
where connection is made between armature coils and thecom- 
mutator. These leads are of relatively high resistance and, 
therefore, tend to limit the short-circuit current to a minimum. 
As the current circulating through the armature coils encounters 
the resistance of the preventive leads only as it flows into or out 
from a brush, the heat loss in the leads is not large. The com- 
bination of compensating coils and preventive leads not only 
puts the commutation of the alternating-current series motor on 
a par with that of the direct-current motor, but it increases the 
power factor to a practical operative value as well. 

Returning to the question of reducing the reactance e.m.f. 
of the field in order that the power factor may be still further 
increased. If this be done by reducing the field flux, the capacity 
of the motor is correspondingly lowered. It-is actually accom- 
plished in practice, therefore, by reducing the number of field 
turns to from 20 to 25 per cent of those in a direct-current motor 
of similar characteristics. This is rather difficult with the large- 
capacity motors having a relatively large number of poles. 

Aside from the above changes in design which are necessary 
in order to adapt the direct-current motor to use with alternating 
current, the field must be laminated as well as the armature to 
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prevent serious eddy-current losses. The reluctance of the 
magnetic circuit must be reduced in order that the flux may not 
be sacrificed with a smaller number of field turns and joints are, 
therefore, eliminated and the sectional area of the poles increased. 
Theoretically, the length of the air gap might be shortened to 
produce the desired reduction in reluctance, but this is not con- 
sidered advisable from a practical operating standpoint, for with 
the direct-current motors the bearings often wear to such an 
extent that the armature rubs on the lower field poles. 

Adaptation of Induction Motor.—The evolution of the single- 
phase induction motor into the alternating-current series railway 
motor has been very clearly explained from the theoretical stand- 
point by McAllister. Briefly, the development is as follows: 
Suppose a single-phase induction motor stator to be provided 
with an armature similar to that of a direct-current series motor 
and the stator and armature windings to be connected in series. 
McAllister shows very clearly that with all possible ratios of field 
to armature turns the power factor will not exceed 45 per cent 
and the maximum limit of the ratio of starting to synchronous 
torque will be in the neighborhood of 125 per cent. Both of 
these values are too small for a satisfactory railway motor. 

If the reluctance of the air gap between polar regions be 
increased by forming polar projections in the stator fields or by a 
neutralizing winding such that the ratio of reluctance of the leak- 
age path between poles to that under the poles may be considered 
as infinite, the power factor and torque ratio may be increased 
over a wide range by properly proportioning the armature and 
field turns. The successful railway motor may be considered, 
therefore, as an induction-motor stator with high reluctance 
between poles, enclosing an armature similar in design to that 
of a direct-current series motor. 

Construction of the Single-phase Motor.—As the result of 
the above studies a motor has been developed which is giving 
very satisfactory results upon single-phase railway systems of 
low frequency (25 cycles), especially in the larger sizes which have 
been applied to locomotives. 

Such a motor (Fig. 169), does not appear materially different 
from the direct-current motor, consisting of a cast-steel, box-type 
frame supporting the laminated-iron stator. The motors are 


1McAuuster, A. §., “Alternating-current Motor.” 
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Fie. 169.—Single-phase series motor. 
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provided with four or six poles and their field windings are of the 
distributed type similar to those of the single-phase induction 
motor. ‘The winding is of heavy strap copper, however, and con- 
sists of relatively few turns. Between the main field windings 
are located the compensating windings connected in series with 
the armature. The armature is practically identical with that 
of the direct-current motor, except that, because of the lower 
voltage and consequently higher current for which it is designed, 
it is usually necessary to provide one set of brushes for each 
pole. 
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Fic. 171.—Characteristic curves of Westinghouse D. C. 303A, 115-hp. motor, 
600 volts, diameter wheels 33 in., gear ratio 2.21. 


Characteristics.—The characteristics of the single-phase motor 
are strikingly similar to those of its competitor, as will be seen 
by comparing Figs. 170 and 171. The efficiency of the former 
motor is slightly lower and the torque-current curve slightly 
more concave, owing to the lower induction for which the 
alternating-current motor is designed. With the fields unsatu- 
rated, therefore, the torque will vary with the square of the 
current. 
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Operation on Direct Current.—One of the most important 
features to commend the single-phase series motor as above 
described is its satisfactory operation on direct-current circuits. 
If the changes which have been made to adapt the motor to 
alternating current are reviewed, it will be noted that no change 
made impairs its use with direct current. Since it is highly 
important that interurban roads operate their cars to the center 
of the terminal cities over the existing direct-current trolley, this 
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Fie. 172.—Characteristic curves of 250-hp., single-phase, 25-cycle, alternating- 
current motor, 235 volts, diameter wheels 63 in., gearless. 


feature of the series alternating-current motor is of greatest 
value. Whereas the control system must be duplicated to some 
extent, as will be seen in the next chapter, the flexibility of oper- 
ation is well worthy of the slightly added complication. 
Repulsion Motor..—When it was found that a corrective 
current could be made to flow in the armature of an alternating- 
current motor by means of induction between windings as in 
the transformer, it was inferred that such a current might be 


1S$rrinmerz, C. P., “The Alternating-current Railway Motor,” Trans. 
Ave Higeenvol. 23. 
Suicutmr, Watrer I., “Speed-torque Characteristics of the Single-phase 
Repulsion Motor,” Trans. A. I. E. E., vol. 23. 
McAtuistrr, A. §., “Alternating-current Motors.” 
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made to produce a torque without connection between armature 
and field as in Fig. 173. Such a motor was found to operate 
satisfactorily, the brushes being short circuited to allow the 
torque-producing currents to flow in the armature windings. 
The characteristics of such a motor are similar to those of the 
series motor. This motor has been designated as the repulsion 
motor. Although it was expected that it would find a ready 
application in the railway field, it has not come into use, largely 
because of its inability to operate upon direct-current systems 
and also because it apparently 
has no marked advantages over 
the series motor. 

Induction Motor.—It will be 
remembered that the alternating- 
current induction motor, as its 
name implies, has no electrical 
connection between stator and 
rotor. It is, therefore, a much 
simpler motor than others used 
for railway service which involve 
the use of commutators, and its 
maintenance expense is, therefore, 
correspondingly less. : The induc- Fie. 173.—Circuit of repulsion 
tion motor has the disadvantage, motor. 
however, of constant speed char- 
acteristics similar to those of the direct-current shunt motor 
which has never proved satisfactory for railway service. 

This disadvantage of nearly constant speed at all loads may be 
partially overcome, however, by making use of one or more of 
three principles: 

A winding may be placed upon the rotor instead of the usual 
short-circuited, “‘squirrel-cage’”’ construction and the taps from 
this winding brought out to slip rings. This permits varying 
resistances to be inserted into the rotor circuit, which, in turn, 
produces varying speeds at the expense of lowered efficiency. 

Secondly, the so-called ‘‘concatenation” method may be 
adopted, in which the stator of the second motor is connected to 
the rotor of the first through the agency of slip rings and the 
rotor of the second motor is provided with variable resistances 
as in the first case. Thus a low frequency is impressed upon the 
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stator of the second motor, depending upon the speed of the rotor 
of motor No. 1 and a wider range of speeds produced thereby 
with less energy lost in heating of resistances. 

A third but less used method involves the changing of stator 
connections in such a manner as to create varying numbers of 
poles in the stator. Since the speed for a given frequency of 
supply is dependent upon the number of poles, a series of speeds 
may be made available in this manner with little sacrifice of 
efficiency. The complication of control circuits when this 
method is used makes it prohibitive if many different speeds are 
required. 


Fig. 174.—Rotor of Norfolk & Western induction motor. 


Although a rather extensive use of the induction motor has 
been made abroad for many years, its installation in this country 
has been confined to two sections of electrified trunk lines, 7.e., 
the Cascade Tunnel of the Great Northern Ry. and a mountain- 
grade division of the Norfolk & Western R. R. in Virginia. 
In the former system, although the variation of the number of 
stator poles was at first considered, it was finally abandoned in 
favor of the first method of control outlined above. This was 
further simplified by varying the iron-grid resistances in the 
various phases of the rotor consecutively instead of keeping the 
currents balanced. This departure from stationary-motor prac- 
tice provided several speed changes with a minimum of control 
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connections but was accompanied, of course, by unbalanced cur- 
rents in the motors. The Norfolk & Western R. R., on the 
other hand, makes use of a rather unique combination of single- 
phase distribution for three-phase motors through the agency 
of a phase converter mounted upon the locomotive. The rotor 
of this motor is illustrated in Fig. 174. In both of these instances 
the grades are heavy, the speeds low and the number of required 
stops very small. For such service only is the induction motor 
considered advisable at present, in spite of its advantages of sim- 
plicity, low maintenance charges, and its ability to regenerate 
energy upon down grades. 

Frequency.—The question of frequency has not been directly 
referred to in the above discussion. If reference be made again 
to the factors which were necessarily changed in the direct-current 
motor to adapt it to alternating-current operation, it will be 
noted that these factors, principally reactance voltages, are 
reduced by reduced frequency. The lower the frequency, there- 
fore, the easier it becomes to design a satisfactory alternating- 
current railway motor and the greater the capacity which it is 
possible to obtain with a given size and weight of frame and, 
therefore, the greater the capacity that can be supplied to a 
single truck or to a single pair of driving wheels. 

Motor Design.—Although the details of motor design cannot 
be discussed at length, a few of the mechanical features which 
must be given careful consideration by the designer and the rail- 
way operator may well be called to mind. Most of the difficult 
problems in connection with the design and construction of rail- 
way motors result from the necessity of crowding a large amount 
of power into a space necessarily limited by standard wheel gage, 
demands for light weights, low car floors, and large clearances 
between motor frame and track. Large gear ratios are usually 
desirable, especially in city service, in order to keep the energy 
consumption low and to make use of a high-speed and, therefore, 
a light and inexpensive motor. Large gear ratios, however, 
necessitate smaller clearances, thinner bearing sleeves, smaller 
axles, and low-pitch gears, any one of which results may prove 
objectionable if not carefully limited. The designer, and the 
representative of the operating company responsible for motor 
specifications, must, therefore, adopt a compromise between 
these extremes. 
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The selection of bearing metal is also a compromise. A bab- 
bitted bearing in a steel shell is cheapest, most easily repaired, 
and offers a superior wearing surface for high speeds. On the 
other hand, it is impossible to obtain the intimate amalgam bond 
between babbitt and steel that exists between babbitt and brass 
or bronze and the lining is likely to work loose. Further, if there 
is any play in the box its seat in the frame is apt to be seriously 
worn if a steel shell is used. Babbitt also wears rapidly and the 
thickness necessary to line a steel shell may wear sufficiently to 
cause the armature to drop and rub upon the lower field poles. 
To overcome these difficulties a bronze shell with a very thin 
inner sleeve of babbitt or merely a tinned surface has come into 
rather general favor. 

The problem of suitable lubrication has also proved a vexing 
one for many years. Grease was generally used at first as a 
lubricant through the agency of separate grease cups first tapped 
into the bearing shell and later cast integrally with the motor 
frame. Recently, the use of oil in a journal packed with waste 
similar to that in the truck journal has been used very extensively, 
the capillary action of the oil in the waste being depended upon 
to supply lubricant to the axle. 

In the attempt to provide more power in a given space the 
ventilation of the motor has been studied to advantage recently. 
Forced ventilation has occasionally been resorted to, but this 
adds expense and complication to the equipment. Early 
attempts to provide ducts of large cross-section in the motor, 
through which air might be forced by the motion of the ear, 
resulted in collecting too much dirt and moisture for the success- 
ful operation of the motor. Recently, however, ventilated 
motors have been furnished, with an air intake at right angles 
with the direction of motion of the car, which prevents this 
difficulty. The air enters at the upper and pinion end of the 
motor and passes between the field coils, over the surface of the 
armature, under the commutator, back parallel with the shaft 
through holes in the armature laminations, and is then forced 
into the atmosphere by means of a radial fan. Such venti- 
lation has been claimed to have increased the possible load 
per motor for a given temperature rise by 39 per cent with 
a relatively large number of stops and 42 per cent in service 
with few stops. 
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Whereas numerous types of suspensions were designed and 
used with early motors for supporting the motor upon the truck, 
the ‘‘bar’’ and “nose” suspensions are now almost universal. 
It is obviously necessary to provide car axle bearings in the 
frame of the motor and so to suspend the other side of the motor 
from the truck that it may swing about the car axle as a center 
when passing over irregularities in the track in order that the 
gears may always be kept in mesh. The two suspensions men- 
tioned above differ only in the manner of supporting this free 
side of the motor frame. The ‘‘bar” suspension has a bar or 
yoke bolted to the frame of the motor which is spring supported 
from the truck, while in the ‘‘nose”’ suspension a single “‘nose”’ 
or lug is cast upon the motor frame which is supported from the 
truck by means of a link. In both cases it is now considered 
desirable to have additional lugs cast upon the motor frame to 
catch the motor and prevent it from falling to the track in case 
of the failure of the normal suspension. 

Rating.—Railway motors, because of their rather intermittent 
service at varying loads with a greater amount of ventilation in 
actual use than upon the testing floor, are rated differently than 
other electrical machinery. 

A great advance has been made recently by the Standardiza- 
tion Committee of the A. I. E. E. in establishing ratings for rail- 
way motors. ' 

The ‘‘nominal” rating is defined by this committee as ‘‘the 
mechanical output at the car or locomotive axle, measured in 
kilowatts, which causes a rise in temperature not exceeding 90°C. 
at the commutator, and 75°C. at any other normally accessible 
part after an hour’s continuous run at its rated voltage (and 
frequency in the case of an alternating-current motor) on a stand 
with the motor covers arranged to secure maximum ventilation 
without external blower: The rise in temperature as measured 
by resistance shall not exceed 100°C. 


The “continuous ratings” of a railway motor are defined as 
the inputs in amperes at which it may be operated continuously at one- 
half, three-fourths, and full voltage, respectively, without exceeding the 
specified temperature rise (Table XXX) when operated on stand test 
with motor covers and cooling system, if any, arranged as in service. 


Since in railway service the loads upon the motors are varying 
over wide ranges, the ‘‘maximum input rating” of the motor 
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becomes of interest. The Committee states in this connection 
that: 


Railway motors shall be capable of carrying twice the current 
corresponding to their nominal rating for a period of 5 min., without 
flash over or mechanical injury. They shall also be capable of carrying 
a load of three times their nominal rating for 1 min. under the same condi- 
tions. These overloads shall be applied when the motor is at the temper- 
ature which it would acquire when operating at its continuous rating. 


Although the temperatures which are permitted in railway 
motors are based upon the kind of insulating materials used, as 
previously explained for power-station and substation machinery, 
the conditions under which the railway motor is operated with 
respect to ventilation, limited space and weights, etc., have led 
to a higher allowable temperature for short periods of time than 
was permitted for other classes of electrical machinery. Table 
XXX indicates permissible maximum temperatures and tem- 
perature rises for railway motors. 


Taste XXX.—PERMISSIBLE TEMPERATURE Rise IN Rattway Morors 


ee 


Maximum temperature Temperature rise 
: on stand test 
Insulation 
Ther. Resist. Ther. Resist. 

Treated cotton, silk, paper 85 110 65 85 

and fibrous material, in- ; 

cluding enamel wire. 
Mica, asbestos and other 100 130 80 105 

high temperature resisting 

material. 


It should be noted that, whereas motors were formerly rated in 
horsepower, they are now rated in kilowatts. In order to avoid 
confusion during the period in which the new method is being 
adopted, the A. I. E. E. recommends that both old and new 
ratings be given by manufacturers. 

Motor Selection.—The method of determining the total power 
required to operate the car has been explained in a previous 
chapter. After the number of motors per car has been decided 
upon, as outlined in the last chapter, the capacity of the motors 
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to be installed may be approximately determined by dividing the 
average car demand expressed in horsepower for the various 
_Tuns by the number of motors per car. - If care be taken not to 
load the motor continuously with its rated load and still make 
due allowance for its overload capacity for short intervals and 
the extra demands of abnormal service, this method should per- 
mit a correct selection of the nearest standard motor to be made. 

In most cases a selection of the proper motor must be based 
principally upon test data, and the application of results obtained 
upon the test floor to service conditions is often a difficult prob- 
lem. The recommendations found in the standardization rules of 
the A. I. E. E. bearing upon this subject are, therefore, quoted in 
considerable detail. 


In comparing projected motors and in case it is not possible or 
desirable to make tests to determine mechanical losses, the following 
values of these losses, determined from accumulated experience, will be 
found useful. They include axle bearing losses, gear losses, armature 
bearing losses, brush friction losses and windage. 


Per cent of nominal rating Losses as per cent of input 
150 5.0 
125 5.0 
100 5.0 
75 5.0 
60 5.3 
50 6.5 
40 8.8 
30 13.3 
25 LEO 


The core loss of railway motors is sometimes determined by sepa- 
rately exciting the field and driving the armature of the motor to be 
tested by a separate motor having known losses and noting the differ- 
ences in losses between driving the motor light at various speeds and 
driving it with various field excitations. 

The core losses at other loads shall be assumed as follows: 

At full continuous rated input 1.2 times no load core loss. 

At half continuous rated input 1.1 times no load core loss. 

The multiplier for other loads shall be in the same proportion. 
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Selection of Motor for Specified Service.—The following information 
relative to the service to be performed is required in order that an 
appropriate motor may be selected. 

(a) Weight of total number of cars in train (in tons of 2,000 Ib.) 
exclusive of electrical equipment and load. 

(b) Average weight of load and durations of same, and maximum 
weight of load and durations of same. 

(c) Number of motor cars or locomotives in train, and number of trail 
cars in train. 

(d) Diameter of driving wheels. 

(e) Weight on driving wheels, exclusive of electrical equipment. 

(f) Number of motors per motor car. 

(g) Voltage at train with power on the motors—average, maximum 
and minimum. 

(h) Rate of acceleration in m.p.h. per second. 

(i) Rate of braking (retardation in m.p.h. per second). 

(j) Speed limitations, if any (including slowdowns). 

(k) Distances between stations. . 

(1) Duration of station stops. 

(m) Schedule speed, including station stops in m.p.h. 

(n) Train resistance in pounds per ton of 2,000 lb. at stated speeds. 

(0) Moment of inertia of revolving parts, exclusive of electrical ~ 
equipment. 

(p) Profile and alignment of tracks. 

(q) Distance coasted as a per cent of the distance between station 
stops. , 

(r) Time of layover at end of run, if any. 

Stand-test Method of Comparing Motor Capacity with Service 
Requirements.—_When it is not convenient to test motors under actual 
specific service conditions, recourse may be had to the following method 
of determining temperature rise. 

The essential motor losses affecting temperatures in service are those 
in the motor windings, core and commutator. The mean service condi- 
tions may be expressed as a close approximation, in terms of that con- 
tinuous current and core loss which will produce the same losses and 
distribution of losses as the average in service. 

A stand test with the current and voltage which will give losses 
equal to those in service will determine whether the motor has sufficient 
capacity to meet the service requirements. In service, the temperature 
of an enclosed motor well exposed to the draught of air incident to a 
moving car or locomotive will be from 75 to 90 per cent (depending 
upon the character of the service) of the temperature rise obtained on a 
stand test with the motor completely enclosed and with the same losses. 
With a ventilated motor the temperature rise in service will be 90 to 
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100 per cent of the temperature rise obtained on a stand test with the 
same losses. 

In making a stand test to determine the temperature rise in a specific 
service, it is essential in the case of a self ventilated motor to run the 
armature at a speed which corresponds to the schedule speed in service. 
In order to obtain this speed it may be necessary, while maintaining the 
same total armature losses, to change somewhat the ratio between the 
I?R and core loss components. 

Calculation for Comparing Motor Capacity with Service Require- 
ments.—The heating of a motor should be determined, wherever 
possible, by testing it in service or with an equivalent duty cycle. When 
the service or equivalent duty cycle tests are not practicable, the ratings 
of the motor may be utilized as follows to determine its temperature 
rise. 

The motor losses which affect the heating of the windings are as stated 
above, those in the windings and in the core. The former are propor- 
tional to the square of the current. The latter vary with the voltage 
and current, according to curves which can be supplied by the manu- 
facturers. The procedure is therefore as follows: 

(a) Plot a time current curve and a time voltage curve for the duty 
cycle which the motor is to perform, and calculate from these the root- 
mean-square current and the equivalent voltage which with r.m.s. 
current will produce the average core loss. 

(b) If the calculated r.m.s. service current exceeds the continuous 
rating, when run with average service core loss and speed, the motor is 
not sufficiently powerful for the duty cycle contemplated. 

(c) If the calculated r.m.s. service current does not exceed the continu- 
ous rating, when run with average service core loss and speed, the motor 
is ordinarily suitable for the service. In some cases, however, it may not 
have sufficient thermal capacity to avoid excessive temperature rises 
during the periods of heavy load. In such cases a further calculation 
is required, the first step of which is to calculate the temperature rise due 
to the r.m.s. service current and equivalent voltage. 


Po = I°R loss, kw. lent service voltage. 


Let f = temperature rise | With r.m.s. service current and equiva- 
p- = core loss, kw. 


JT = temperature rise| With continuous load current corre- 
P. = I? loss, kw. sponding to the equivalent service 
P. = core loss, kw. voltage. 


t= phot Be approximately. 


Pi+P. 


350 ELECTRIC RAILWAY ENGINEERING 


(ad) The thermal capacity of a motor is approximately measured by a 
coefficient equal to the ratio of the electrical loss in kw. at its nominal 
(1 hour) capacity to the corresponding maximum observable tempera- 
ture rise. 

(e) Consider any period of peak load and determine the electrical 
losses in kilowatt hours during that period from the electrical efficiency 
curve. Find the excess of the above losses over the losses with r.m.s. 
service current and equivalent voltage. The excess loss divided by the 
coefficient of thermal capacity will equal the extra temperature rise due 
to the peak load. This temperature rise added to that due to the r.m.s. 
service current and equivalent voltage gives the total temperature 
rise. If the total temperature rise in any such period exceeds the safe 
limit, the motor is not sufficiently powerful for the service. 

(f) If the temperature reached due to the peak loads does not exceed 
the safe limit, the motor may yet be unsuitable for the service, as the 
peak loads may cause excessive sparking and dangerous mechanical 
stresses. It is, therefore, necessary to compare the peak loads with 
the short period overload capacity. If the peaks are also within the 
capacity of the motor, it may be considered suitable for the given duty 
cycle. 


Several other methods of making this selection may be adopted, 
however, and it is always well to check the motor capacity chosen 
by two or more processes. They will be briefly explained in order 
of their ease of application. 

Selection by Comparison.—A very rough and simple method 
quite commonly used is to prepare a table from technical jour- 
nals or the railway census of the equipments of various roads 
operating under as nearly as possible the same conditions as the 
proposed road. ‘This table should include number and capacity 
of motors, average voltage, schedule speed, weight of cars, lay- 
over at terminals, stops per mile, average grade, and, if possible, 
the watt-hours per ton-mile demanded. By comparison with 
such a table the correct standard size of motor for the new 
equipment may readily be determined. 

Effective-current Method.—It is possible to obtain from 
manufacturers’ test records not only the rating of the motor, but 
also its continuous current capacity at one or more average volt- 
ages, 7.¢., the current which may be supplied to the motor con- 
tinuously without exceeding the limit of 75°C. temperature rise. 
The temperature curves of Fig. 20 may also be obtained, from 
which the time required to rise to 75°C. above the room tem- 
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perature from the start with the motor cold can be found for each 
value of current supplied to the motor, as well as the time required 
to rise 20° above 75°C. for the various possible overload currents. 
In making use of these data it should be remembered that the 
heating of a motor is proportional to the square of the current. 
The heating value of the current or “effective” current for a 
given run is not the average ordinate of the current-time curve 
of that run, but the square root of the average squared current. 
If, then, the effective current for the various runs as determined 
from the current-time curves be compared with the continuous 
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current rating of the motors with due allowance for temperature 
rise of short duration produced by overload currents as deter- 
mined from the temperature curve, the proper motor may be 
readily selected. In short, a temperature-time curve is really 
determined for the various runs and the motor so selected that 
this curve will not exceed 75°C. rise for other than short intervals 
of time. 

Method Proposed by Armstrong.—In a paper before the 
A. I. E. E.,1 Armstrong suggested that a series of curves such as 
Fig. 175, each representing the motor capacity required for a 

1 Armsrrone, A. H., “High Speed Electric Railway Problems,” Trans. 


A. I. E. E., vol. 22; 
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given weight of car per motor and for a certain speed, accelera- 
tion, etc., be prepared from theoretical and practical test data 
and used for quick approximations of motor capacity. Figure 
175 is plotted for straight, level track with the following assumed 
values: 

Gross accelerating force, 120 lb. per ton. 

Braking retarding force, 120 lb. per ton. 

Duration of stops, 15 sec. 

Duration of coasting, 10 sec. 

Since these data do not take into consideration grades and 
curvature or other values of acceleration, deceleration, etc., than 
those listed, either a large number of such charts must be plotted 
or the results taken from them carefully corrected for any varia- 
tion of actual from assumed conditions. 

Method Proposed by Storer.1—This method assumes that a 
certain motor has been tentatively selected and that it is desired 
to determine from test under conditions similar to those of 
actual service whether or not this particular motor will fulfil the 
requirements. 

The effective current for the various runs is determined as 
explained above, and the average voltage at the terminals of the 
motor found from the voltage-time curve. If, now, the motor 
be operated with this effective current and with the average 
voltage impressed upon it, the motor losses will be the same as in 
practice and the heating of the motor under service conditions 
may be determined therefrom. It should be remembered, how- 
ever, that the ventilation of the motor is better in service and it 
may usually be depended upon to carry from 20 to 25 per cent 
more load with the same temperature rise when on the car. This 
allows a good factor of safety if the motor be selected from test 
results. 

Method Proposed by Hutchinson.~—The method employed by 
Hutchinson, where a large number of motor determinations are 
to be made by a manufacturing or an engineering company, is one 
involving mathematical equations based upon a large number of 
general charts deduced from the typical speed-time curves. In 
place of assuming the straight-line speed-time curve of Chap. 
X to be correct, a mathematical correction applying to the 


1Srorer, N. W., St. Ry. Jour., 1901. 
2 Trans. A. I. EB. K., ‘vol. 21. 
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difference in area between the accurate and the straight-line, 
speed-time curve is used and constants derived which, when sub- 
stituted in the equations given, enable the latter to is solved for 
correct motor capacity. For further details reference should be 
made to the original paper. 

Regeneration of Energy—tThe ability of the induction motor 
to regenerate energy has been previously referred to. The 
advantages of such regeneration, which is made possible by coast- 
ing down long grades at motor speeds above synchronism, are 
fourfold: 

Less wear in braking equipment and especially in brake shoes. 

Furnishing of power to other trains upon the system. 

Reduction of power demand on power station with resulting 
increase in load factor. 

Increased life of rolling stock, couplings, and roadbed because 
of smoother descent of grades by heavy trains. 

Whereas these possibilities of regeneration have until recently 
received little consideration, the fact that upon one three-phase 
system abroad the train going down grade was able to generate 
54 per cent of the energy required by the same train in climbing 
the grade has led to the study of further possibilities of this 
regeneration of energy in trunk-line electrification. This has 
been provided for upon the Norfolk & Western R. R. and the 
Great Northern Ry., the only two systems in this country employ- 
ing induction motors. In the latter case the energy regenerated 
is of secondary importance because of the large amount available 
from the water power of the mountains, and it is, therefore, dis- 
sipated as heat in rheostats. In spite of this fact, however, the 
advantages of this system of down-grade control of trains are 
considered sufficient to warrant its installation. This is further 
proved by tests of actual installations in which 14 per cent of the 
total energy required by the system was produced by regeneration 
from down-grade trains, while less than one-third the previous 
brake-shoe wear was experienced when regenerative braking 
was used. 

Although the direct-current system was thought at first not to 
lend itself to regenerative control as readily as the induction 
motor, the 3,000-volt, direct-current installation on the Chicago, 
Milwaukee & St. Paul Ry. makes use of this principle to good 
advantage as indicated in Fig 41. 


CHAPTER XXIV 
CONTROL SYSTEMS 


The necessity of starting a car by first impressing a low 
voltage upon its motors, and then gradually increasing the voltage 
as the motors speed up until they are receiving their rated voltage, 

‘has been previously explained. The advisability of maintaining 
a constant current through each motor during the constant 
acceleration period was also pointed out. Means must be pro- 
vided for regulating the speed of a car and for reversing its 
direction of motion. It is now necessary to consider the various 
standard control systems which have been devised to accomplish 
the above results. 

Types of Control.—As regards the method of manipulation 
of the motor connections and resistances, control systems may 
be classified either as “hand operated” or “automatic.” With 
the hand-operated type the controller handle is moved notch 
by notch at the discretion of the motorman, while in the auto- 
matic type a current-limiting relay, set for a definite, predeter- 
mined value of current, fixes the maximum rate of “notching up.” 
The motorman may move the controller handle to the “‘full- 
on” position but the relay will permit the “notching-up” process 
to go on only at such a rate as will keep the motor current 
approximately constant. Thus, while the motorman may notch 
up his controller as slowly as he wishes, the current-limiting relay 
fixes the maximum rate of “notching up.” 

The following advantages are claimed for the automatic type 
of control: 

1. It prevents abuse of the motors during the accelerating 
period. 

2. The rate of acceleration is uniform. 

3. It allows the motorman to devote his attention to signals 
and to the track ahead. 

The disadvantages are: 
1. First cost and maintenance charges are high. 
2. The system is complicated. 
354 
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3. It is difficult to set the limit relay so that the car will be 
accelerated at the proper rate for all conditions of track and 
car loading. 

In order to prevent the current through the motors from 
being increased too rapidly with a hand-operated controller, the. 
following method may be used: A mechanical device is attached 
to the top of the controller, which by means of a ratchet and 
pawl prevents the forward movement of the controller handle 
in a single swing, but requires a slight backward movement at 
each notch to disengage the pawl and thereby allow sufficient 
time for the current to decrease to its normal accelerating value. 

A classification of control systems, based primarily on type of 
construction, is given in Table XX XI. 

Main-circuit Control.—In this type of control, a drum con- 
troller, to which is connected the various motor and line circuits, 
is located on the car platform. For double-end operation, two 
controllers connected in parallel, one on each end platform, are 
required. Main-circuit controllers are used on practically all 
small cars and on some of the older interurban cars. 

A few of the more important requirements in the construction 
of this type of controller are as follows: 

1. Finger tips must be of such design that they will not “stub.” 

2. Ample are chutes must be provided so as to prevent arcing 
between the various live parts and between the live parts and 
the case. 

3. Correctly designed magnetic blow-outs must be provided. 

4. Switches must be provided so that a disabled motor or 
pair of motors may be cut out without affecting the operation of 
the remainder of the equipment. 

5. Mechanical interlocks must be provided, so that, (a) the 
motors cannot be reversed when the controller handle is in an 
“on” position, (6) the main drum cannot be turned when the 
reverse handle is in the “off” position, (c) the main drum cannot 
be turned to the parallel position when one of the motor cut-out 
switches is thrown. 

6. The method of attaching the cables to the contact fingers 
or terminal board must give good electrical contact and yet 
permit changes to be made quickly and easily. 

Rheostatic Control—The earliest type of control, which 
is now practically obsolete, made use of a rheostat in series with 
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the motors, but did not change the motor connections from start 
to full speed. Two complete revolutions of the controller 
handle were necessary to cut out all the resistance, but the 
rheostat was so designed that the controller handle could be left 
in any position indefinitely and correspondingly small variations 
of speed obtained. 
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Fig. 176.—K-12 wiring diagram. 


Series-parallel Control.—Practically all the control systems 
in use with direct-current railway motors at the present time, 
although differing widely in detail, operate upon the series- 
parallel principle. The two motors of a two-motor equipment or 
those of each group of a four-motor equipment are first connected 
in series with one another and also in series with a resistance. 
This resistance is then reduced by three or four steps until the 
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two motors are alone in series across the circuit from trolley to 
ground. This notch of the controller is termed a “‘running” 
notch, as the controller may be left in this position continuously, 
resulting in about half speed. With the next step, the motors 
are changed from series to parallel connection and a resistance 
again introduced. ‘This resistance is reduced in the succeeding 
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(a) (db) 
Fie. 177.—Diagram of controller connections in various notches. 


steps until upon the last notch all motors are in parallel without 
resistance. This is ordinarily the full-speed position, although 
in some types of this control an additional step is employed 
which either shunts the motor field with a resistance or cuts out 
part of the motor field coils. In locomotive series-parallel 
controllers four running notches are sometimes provided: 

1. All motors in series. 

2. Motors in series parallel. 
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3. All motors in parallel. 

4. Motor fields weakened as above described. 

A K-12 controller, which is commonly found on city cars with 
four-motor equipments, is shown diagrammatically with motor 
and resistance connections in Fig. 176. The connections for 
the various notches may be readily traced if the heavy black 
horizontal bands representing the copper sectors on the control 
cylinder be assumed to move one numbered notch to the left for 


Fig. 178.—K-35-D controller. 


each change of connections. Care should be taken to trace out 
the reversal of armature connections as the reverse cylinder repre- 
sented by the heavy bands at the right of the figure is turned. 
The switches numbered (19) and (15) are used in cutting out 
one set of motors in case of their failure. The resistance steps 
are so proportioned that if the controller is steadily “notched up” 
an approximately constant current will be maintained through 
each motor. A diagrammatic illustration of the various steps 
is found in Fig. 177. 


360 ELECTRIC RAILWAY ENGINEERING 


Figure 177a is also applicable to two-motor equipments, 
provided the pairs of motors there shown are replaced by single 
motors. The “bridge” transition shown in Fig. 1776 is used in 
large controllers. Its advantage is that the tractive effort 
during the transition period is more uniform. 

As may have been inferred from the above discussion, the 
control resistances are designed to remain in the circuit for a short 
time only and will, therefore, overheat if they be left in circuit 
continuously. 

The mechanical construction of the series-parallel drum con- 
troller may be noted from Fig. 178, which shows the interior of a 
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Fie. 179.—Wiring diagram for contactor equipment. 


General Electric K-35-D controller with asbestos barrier opened. 
The main drum with its copper sectors insulated from the shaft 
and engaging copper contact fingers will be seen in the center and 
the reverse drum of similar design on the right. On the left at 
the base of the fingers will be seen the individual blow-out 
coils. A sufficient magnetic flux is produced by these coils to 
blow out the arc formed between fingers and sectors as the circuits 
are opened. In the upper right corner will be found the motor 
cut-out switches. 

In order to prevent the heavy arcing which occurs inside the 
controller case in large drum controllers, an auxiliary contactor 
equipment is sometimes employed. Instead of the main circuit 
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being opened by the drum fingers in the main controller, it is 
opened by two powerful electromagnetic switches, or contactors 
connected in series, which are placed in a separate box under the 
car. These contactors are actuated by auxiliary contacts on the 
main drum which close or open the operating circuit of the con- 
tactors as the controller handle is turned to the “‘on”’ and “off” 
positions, respectively. Figure 179 
shows the wiring diagram for the con- 
tactor equipment as built by the Gen- ~ 
eral Electric Company. The M U trip- 
ping switch has an overload coil so that 
the contactors act as circuit breakers. 
The necessity for the light-weight con- 
troller for use on one-man safety cars was 
responsible for the development of the 
General Electric Company K-63 con- 
troller. Special attention has been given 
to the elimination of the unnecessary 
weight. A large blow-out coil is locat- 
ed on a hinged pole piece at the back 
of the are deflectors. The coil is of 
sufficient length to distribute the flux 
over all of the main fingers and effec- 
tively disrupts the arcs. The deflectors 
are of tough arc-resisting material and 
are assembled so as to form a shield pre- 
venting the arc from the main terminals 


Fie. 181.—Controller - , : 
for safety cars (cover re- coming in contact with other parts at 


moved), different potentials when the circuit 


is opened. The cut-out switches are 
of the knife-blade type and are located on the right-hand side 
of the controller, midway between the base and the cap plate. 
When either of the cut-out switches is open, the main cylinder is 
interlocked so that it cannot be turned beyond the full series 
position. The main and the reverse cylinders are also inter- 
locked so that it is impossible to operate the latter when the 
former is in the “‘off”’ position, or to operate the former when the 
latter is in the “neutral” position. 
Master Control.—With the rapid increase in the current 
required by the motors as the size and capacity of electric-railway 
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equipment advanced, it became more and more difficult to design 
a controller of the type described above to break continually 
these large currents. As a result, a master controller is often 
found in the motorman’s cab, quite similar in principle to the 
large controllers, but designed to control an auxiliary circuit 
only. This auxiliary circuit operates a series of contactors or 
solenoid-operated main switches mounted under the car. With 
such a system the contactors may be sufficiently large to control 


Fic. 182.—Contactor. 


the heavy currents safely and little room is required for equip- 
ment above the floor, not to mention the reduction in the amount 
of heavy cable demanded by such an equipment. The auxiliary 
circuit may be a high-resistance circuit supplied from the trolley, 
or in some instances it is supplied by a storage battery of about 
14 volts. 

As indicated in the classification on page 355, master-control 
systems may be either hand operated or automatic. At present, 
on account of their reliability, flexibility, hight weight, simplicity, 
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low first cost and maintenance charges, and the fact that the 
master controller is manipulated in the same way as the type-K 
controller, the hand-operated types are more popular than the 
automatic types. 

The advantages of master control over main-circuit control 
for heavy service are briefly as follows: 


Fra. 183.—Type C-94-A Master controller. (General Electric Company.) 


1. Greater safety and reliability. 

2. Possibility of making each switch a separate element. 

3. Ease with which powerful magnetic blow-outs for each 
switch may be provided. 

4. Flexibility in the arrangement of switch groupings. 
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5. Rapidity with which contacts may be “made” and “ broken.” 

6. Small amount of space required on car platforms. 

7. Elimination of heavy cables running from the motors to the 
car platforms. 

The disadvantages are: 

1. High first cost. 

2. Greater complication. 

With all types of master control a safety device known as 
the “deadman’s handle” may be readily provided. In one form 
of this device the main controller handle is turned against a 
spring which throws the handle to the ‘‘off” position in case the 
motorman removes his hand. In another form, the pressure 
of the motorman’s hand on a button in the top of the maincon-. 
troller handle closes a set of contacts which complete the auxiliary 
circuit. This device may be constructed not only to shut off 
the power, but also to apply the air brakes automatically if 
the motorman’s hand is removed from the control handle. 

Multiple-unit Control.—There is a demand in elevated, sub- 
way, and heavy interurban service for the operation of a 
number of cars in a single train from the motorman’s cab of the 
front car. A marked advance in the design of control equip- 
ment was made, therefore, when the multiple-unit control system 
was developed by Sprague. This system not only embodies the 
use of the master controller explained above, but it permits the 
contactors upon all cars to be operated simultaneously by 
the master controller of a single car, the small auxiliary circuit 
wires alone extending between cars through the agency of flexible 
cables and plug contacts. The equipments are all interchange- 
able, so that any car may be made a control car. 

Electromagnetic Control (Sprague General Electric Multiple- 
unit Control).—In this type of control the main-circuit switching 
is performed by electromagnetic switches. Each switch is held 
closed against a heavy spring by means of a powerful solenoid. 
De-energization of the solenoid causes the switch to open 
suddenly. The auxiliary circuit is connected through a high 
resistance directly to the trolley. This system of control is 
manufactured in both the hand-operated and the automatic 
types. Figure 184 represents the wiring diagram of both the 
main and the auxiliary circuits of this type of multiple-unit 
control in detail, while Fig. 185 illustrates the contactor with 
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its relay contacts at the bottom and its asbestos trough for the 
circuit breaker at the top. 

Electropneumatic Control (Westinghouse Unit-switch Control). 
The unit-switch control is a system developed by another 
manufacturing company to meet the requirements of master 
control of single-car equipment or of multiple-unit control. In 
fact, upon one large railway system cars with the unit switch 
control and the Sprague multiple-unit control are operating 
interchangeably in the same train. 

The unit-switch control differs from the Sprague multiple-unit 
system principally in details of operation, the principle of the two 


Fic, 185,—Unit-switch group. 


being the same. Both systems have the main switches and rever- 
sers located under the car, the operation of these switches being 
controlled by the master controller and an auxiliary or relay 
circuit. In some types of the unit-switch system energy for the 
auxiliary circuit is obtained from a 14-volt storage battery which 
is carried in the car; in other types the auxiliary circuit is energized 
from the trolley. 

The main switches (Fig. 185) are operated by air pressure 
obtained from the main air-brake reservoir, the air valves being 
operated by solenoids which are energized from the auxiliary 
circuit. ; 

The automatic ‘‘notching-up” feature of the unit-switch system, 
which may also be secured with the Sprague multiple-unit con- 
trol,‘is accomplished by providing the main switches or contactors 
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with relay contacts which make the proper connections in the 
auxiliary circuit as they open or close. 

The master controller of the automatic unit-switch system 
(Fig. 186) is provided with three forward and three reverse notches, 
the function of which will be more clearly seen by referring to 


Line Switch ,T 


Fia. 186.—Unit-switch master controller. Ftc. 187.—Simplified connection dia- 
grams for unit-switch system. 


Fig 187, which is a much simplified connection diagram. The 
first notch closes the line switch 7 and the unit switches a and 8, 
thus putting the motors in series with all resistance in circuit. 
This is not a permanent running notch, but the train may be 
thus operated at slow speed for switching, etc., for a short time. 

The second notch on the controller is the full series running 
position. This closes switch c, which has interlocking contacts, 
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which, in turn, close RR; The latter switch carries inter- 
locks which close R, and so on, closing RR2, Re, RR3, Rs, etc., 
in order, cutting out corresponding resistance steps until the 
motors are in series without resistance between trolley and 
ground. 

Notch No. 3, or the full parallel running position, closes switch 
d, which, in turn, breaks the auxiliary circuit of b and the latter 
switch opens together with all the resistance switches except 
c. When 6} has completely opened, it causes switches e and G 
to close. When these are fully closed their interlocking relays 
open switch d. When d is again open the circuits through the 
resistance switches RR, R:, RRs, etc. are closed consecutively 
until the resistance has again been gradually cut out and the 
motors are finally operating in parallel across the line with no 
resistance. Limit relay switches described above prevent the 
resistance switches from closing before the current has decreased 
to its normal accelerating value. This maintains nearly constant 
current during the acceleration period. 

A complete wiring diagram for the unit-switch, automatic, 
multiple-unit control system, including both auxiliary and main 
circuits, will be found in Fig. 188, but because of its complica- 
tion the simplified diagram of Fig. 187 will be found preferable 
for all but detail connections. 

It must be remembered that in all automatic, multiple-unit 
control systems the power circuit of each car is complete in itself, 
with independent contacts with trolley or third rail. Each car, 
therefore, must have its own limit switch, which may be adjusted 
for a different value of current for each car to correspond with the 
equipment upon that particular car. Provision is also made 
for all the switches to open on any one car in case of failure of 
power on that particular car, the switches ‘notching up” auto- 
matically when the power is again supplied. The latter feature 
is important with third-rail operation, in which the power is off 
when passing over each crossing. In order to take care of the 
preceding condition with the hand-operated, master-control 
systems, a train “bus line” is provided. This line is a heavy 
conducting cable running the length of each car and terminating 
in coupler sockets. As this line is connected directly to the 
trolley base or third-rail shoes, all collecting devices on the train 
will‘be in parallel if the bus line is coupled between cars, and, if 
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one current-collecting device is resting on a live contact line, 
power will be available on all cars in the train. This bus line 
is now used in connection with practically all automatic control 
systems also. 

Westinghouse PK Control.—To meet the demand for a light- 
weight control system embodying the principal features of 
multiple-unit and master control for use on stepless and other 
new types of light-weight, low-powered, large passenger-carry- 
ing-capacity cars, the Westinghouse Electric & Manufacturing 
Co. has developed a control system known as the PK system. 
In this system the usual controller-case top of a drum main- 
circuit controller is replaced by a pneumatically operated notch- 
ing mechanism. This mechanism is controlled by a master 
controller similar to that used with the other types of master 
control. But one main-circuit controller is required and it may 
be placed under the car. 

High-voltage, Direct-current Control Systems.—In general, 
direct-current control systems for trolley voltages ranging from 
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Fia. 189.—Schematic diagram for 1,200-volt equipment with type HL control 
arranged for half-speed operation on 600 volts. 


Motors, Two of Each Pair in Series 


1,200 to 2,400 volts are very similar to those designed for 
600 volts. While drum controllers rated for use with a maximum 
line voltage of 1,300 volts are on the market, not many of them 
are being used. The higher voltages require better insulation, 
greater ‘“creepage”’ surface, and heavier parts than are required for 
600 volts. On account of the tenacity of high-voltage, direct- 
current arcs, the final break in the main circuit is usually made by 
operating simultaneously several switches in series. Within 
city limits high-voltage, direct-current interurban railways usually 
operate their cars over the tracks of the low-voltage city system. 
One of the many methods of working out the control problem 
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for the above conditions is indicated in Fig. 189. When the car 
is operating from the 1,200-volt trolley line a dynamotor is used 
to furnish 600 volts to the lights, air compressor, and auxiliary con- 
trol circuit. For 600-volt operation the dynamotor change-over 
switch must be thrown. Between the ends of the 600-volt and 
1,200-volt trolley lines a short section of dead trolley line is 
usually installed. It is so arranged that this section may be 
energized either from the 600-volt line or the 1,200-volt line, 
depending on the direction in which the car is traveling. The 
car is run under the dead section and the change-over switch 
thrown to the proper position; the dead section is then energized 
by closing a pole switch which connects it with the line ahead. 

Alternating-current Control—aAs the principal advantage in 
the use of alternating-current motors on the car is the possibility 
of using high trolley voltages, and as the alternating-current 
motors are best designed for low voltage, 7.e., from 200 to 225 
volts, a transformer must be used on the car to reduce the trolley 
voltage to that suitable for the motors. Since taps may be taken 
from the various coils of this transformer to furnish still lower 
voltages useful in starting the car without the resistance loss 
entailed by the resistance type of direct-current motor control, 
the principle of alternating-motor control differs somewhat from 
those previously explained. 

Alternating-current control systems may be either of the main- 
circuit or of the master-control, multiple-unit type. If the 
former, the controller is similar to the K series-parallel drum 
controller, except that there are fewer notches, usually five 
or six only, and no series-parallel connections. The magnetic 
blow-out coil is also omitted, as the alternating-current arc is 
not difficult to extinguish without the coil. The various contacts 
made between controller sectors and the stationary fingers 
serve to connect the motors, generally permanently connected 
two in series, to the various taps of the transformer. The reversal 
of the motors is accomplished in the same manner as in the 
type-K controller, the reverse cylinder reversing either the 
armature or field connections. 

With the alternating-current master control the principle of 
operation is the same as before. The magnetic cores of the 
reverser and contactors must, however, be laminated for use on 


alternating-current circuits. 
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In order that connections may be changed from one trans- 
former tap to another without opening the circuit, it is necessary 
to close a local circuit through a portion of the transformer 
winding; 7.e., if special precautions are not taken a short circuit 
will be formed in a portion of the transformer coil as two taps 
of the transformers are connected to the same motor terminal. 
In order to avoid this difficulty the current is reduced in the local 
circuit by means of ‘‘preventive”’ resistance or reactance leads, 
as in the single-phase motor. 

The transformers used with the alternating-current motor 
equipments have been standardized for 3,000, 6,000, and 10,000 
volts trolley potential and are connected directly between trolley 
and ground. On account of the insulation strains liable to be 
imposed on the motor windings when autotransformers are used, 
the present tendency is toward the use of two-winding trans- 
formers, the secondaries of which are provided with a number 
of taps. The transformer is mounted under the floor frame of 
the car. 

While the adjustable-ratio transformer-control system works 
well for single-phase railway motors, polyphase motors require a 
different system. Where wound rotors are used and but one 
running speed is required, a type of rheostatic control is used. 
By arranging the stator windings of the motors so that they may 
be connected to form different numbers of poles around the 
stator periphery, other running speeds may be obtained. A 
controller whose main drum cuts resistance in or out of the rotor 
circuits as may be desired, and whose auxiliary drum performs 
the functions of reversing switch and pole-changing switch, 
meets the requirements where more than one running speed is 
necessary. As three-phase motors are used only on heavy cars or 
locomotives, the master-control system is used almost univer- 
sally; the controllers just mentioned simply control the auxiliary 
circuits which operate the switches in the main circuits. Liquid 
resistances are often used for the starting resistances of three- 
phase locomotive motors. 

Combined Alternating- and Direct-current Control.—As pre- 
viously pointed out, it is desirable that most alternating-current 
interurban roads operate cars to the heart of the terminal cities. 
They must, therefore, be able to operate upon both alternating 
and direct current. In order that the control equipment may be 
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fitted for either, some changes in detail must be made and a 
considerable complication of circuits results. The various parts 
of the apparatus, such as controller, reverser, contactors, etc., are 
used in common by the two systems. A number of changes in 
connections, however, must be made in shifting from one system 
to another. These are principally as follows when changing from 
alternating- to direct-current operation: 

Change transformer taps to resistance taps. 

Change main fuses or circuit breakers. 

Change lightning arresters. 

Introduce the magnetic blow-out into the circuit. 

Change lighting and heating circuits. 

Reconnect fields of air-compressor motor for series operation. 

In order that these changes may be made in one operation the 
cables involved are connected to a second control drum similar 
to the main controller. This is styled the ‘commutating 
switch,” the preceding changes being made by a simple move- 
ment of the handle. This change may also be made auto- 
matically at full speed by providing a release for the switch 
when no potential is supplied, so that it will open as the car 
reaches an insulated section in the trolley between the alternat- 
ing- and direct-current systems. The switch is designed to 
reset automatically in the opposite direction as the direct- 
current trolley is reached, and vice versa. 

As may be inferred from the foregoing, an added complication 
enters into the problem in operating the air-compressor for the 
air-brake system. In some installations a motor-generator set of 
small capacity is installed to furnish 550 volts direct current 
when supplied with alternating current from the transformer. 
The standard direct-current air compressor may then be used. 
Another method more often found is to design the compressor 
motor for both alternating and direct current, connecting the 
field coils in parallel for the former supply and in series for the 
latter. . 

Whereas the combination of the two control systems upon 
one car adds considerable complication, as will be seen from Fig. 
190, which represents the complete wiring diagram for an alter- 
nating-current, direct-current control equipment, and although 
the first cost and maintenance charges are necessarily increased 
thereby, several roads have been operating such an equipment. 
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Regenerative Braking.—Since polyphase motors will act as 
generators if run above synchronous speed, regenerative braking 
does not introduce any complications into the system which 
controls them. Where series motors are arranged for regen- 
erative braking, additional points on the controller and addi- 
tional contacts are required to take care of the auxiliary windings 
or connections on the motors. 

Controller Selection.—Since the successful operation of rail- 
way motors depends largely on the reliability and effectiveness 
of the control apparatus, it is evident that the problem of con- 
troller selection must be studied with care. Direct-current, 
main-circuit controllers rated at 600, 750, and 1,300 volts 
maximum are standard products. The capacity of a controller 
is usually rated in terms of the maximum motor horsepower 
which it can control without undue heating of contacts and 
other current-carrying parts. Master controllers are built 4 
for all voltages, capacities, and kinds of current. 

In the selection of a controller the following are some of the 
more important points which should be considered: 

1. Nature of service, 7.e., voltage of line, kind of current, 
number of cars in train, and weight of cars or locomotives. 

2. Capacity of motors. 

3. Number and kind of motors. 

4. Ground or metallic return. 

5. Available floor space on platform. 
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CHAPTER XXV 
BRAKES 


The problem of stopping a car is quite as important as that 
of accelerating it. Since the kinetic energy of the car must be 
overcome in a very few seconds, the power required for braking 
the car is usually many times that required for accelerating. 
Whereas the rate of retardation and energy required during 
the braking period have been already considered, it is now 
necessary to study the braking forces more in detail, as well asthe 
various types of equipment which have been designed for the 
production and control of such braking forces. 

Electric cars must be accelerated and retarded by virtue of the 
frictional force between the wheels and the rails. As this force 
is proportional to the weight on the wheels, the available force is 
conveniently found from the ratio of horizontal pull in pounds 
necessary to slide the wheels on the rails to the pressure between 
wheels and rails. This ratio is commonly termed the ‘coefficient 
of friction.”” It has been found to vary with the materials in 
contact and the velocity and the length of time during which the 
force is applied. 

While many different devices have been tried out in practice 
for producing the necessary frictional forces to stop a car, the 
one which is now almost universally used in both electric- and 
steam-railroad service is the application of a brake shoe, usually 
of cast iron or a combination of cast iron and other materials, to 
the treads and flanges of the car wheels by means of either hand 
or air pressure transmitted through the agency of a carefully 
proportioned system of levers. 

Coefficient of Friction.—An experimental study of the coeffi- 
cient of friction between cast-iron brake shoes and steel wheels 
under practical service conditions was made by Galton and 
Westinghouse in 1878, and the results of these tests, published in 
the 1879 Proceedings of the Institution of Mechanical Engineers, 
which are given in the following tables, have been ever since con- 
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sidered as classic, the few later tests which have been made 
making little if any change therein. 


TaBLE XX XII.—Coerricient oF FRICTION AT VARIOUS SPEEDS WITH CasT 
Iron Brake SHOES ON STEEL TIRES 


Velocity Coefficient of friction 
foe Wen Extreme 
mean is taken M.p.h. Ft. per sec. Mear 
Max. Min. 
12 60 88 0.123 | 0.058 0.074 
67 55 81 @.136 0.060 OFT 
55 50 73 0.1538 0.050 0.116 
77 45 66 0.179 0.080 0.127 
70 40 59 0.194 0.088 0.140 
80 35 51 0.197 0.087 0.142 
94 30 44 0.196 0.098 0.164 
70 25 36.5 0.205 0.108 0.166 
69 20 29 0.240 0.133 0.192 
78 15 22 0.280 0.131 0.223 
54 10 14.5 0.281 0.161 0.242 
28 7.5 11 0.325 0.123 0.244 
20 Under Saa,-- Underwiean = 0.340 0.156 0.273 
Sieh, ee ee JUSHMOVINE)- || JUSt MAO VINE olen see ieee ye eee CE ter 


a _———— 


TasLe XX XIII.—Errect on Evapsep Time or Corrricient or FRICTION 
en ee ee ee ee ea 


Coefficient of friction 

Speed, 

ee Start After 5 sec. After 10 sec. | After 15 sec. After 20 sec. 
20 0.182 0.152 0.1383 0.116 0.099 
27 0.171 0.180 0.119 0.081 0.072 
37 0.152 0.096 0.083 O.\069 0 irae ee 
47 0.132 0.080 O70) as.. euceathiate «|o6 ee 
60 0.072 0.063 0.058" i oles csi en el 


From the above tables the maximum pressure to be applied 
to the brake shoes may be determined under the various service 
conditions in order to provide the required frictional tangential 
force. ‘To determine what the limits of the latter are, the coeffi- 
cient of friction between wheels and rail must be known. This 
value varies widely with the condition of the rail, but may be 
safely assumed from 0.15 to 0.30 when the rail is wet and dry, 
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respectively. These latter values are coefficients of static friction 
which are greater than dynamic friction if other conditions are the 
same, for if the wheels are rolling there is no relative sliding 
between wheels and rails and the frictional force to be considered 
is that necessary to start one body from rest upon the other and 
not that lesser force necessary to keep one body in motion upon 
the other. The maximum limit of brake-shoe friction is now at 
once apparent, for it must not exceed the static friction between 
wheels and track. If it were to exceed that value, the brake 
shoes would “‘lock the wheels” and the latter would “‘skid”’ on 
the rails with lessened retardation because of the lower value of 
dynamic friction thus suddenly brought into play between wheels 
and track. In fact, this is the cause of the sensation often expe- 
rienced by passengers who, when barely accustomed to the slow- 
ing down of the car during the braking period, suddenly feel the 
car apparently “shooting forward” as the wheels begin to 
slide on the track. The decreased frictional resistance offered 
to the motion of the car under these conditions permits of little 
if any control of the car by the motorman and serious accidents 
often result thereform. 

Theoretically, cars should be equipped with braking apparatus 
which will make it possible to approximate as nearly as possible 
this maximum value for emergency stops, but since the braking 
force with hand-brake equipment depends upon the strength of 
the motorman and with air-brake equipment upon the variable 
air pressure, it is usually possible to “skid the wheels’’ on the 
average car if the brakes are applied too forcibly. Further, 
since Table XXXII shows that the friction between brake shoe 
and wheel increases as the speed decreases during the braking 
period, a force applied to the brake shoes when braking is com- 
menced, which is slightly less than that necessary to lock the 
wheels, may become sufficiently great to produce that result 
at lower speeds, since the static friction between wheels and track 
remains constant. Every experienced motorman understands 
the results of such an application of brakes and releases and 
reapplies the braking pressure with less and less intensity as the 
car comes to a stop. Failure to do this results in too sudden a 
stop for comfort, a severe chattering of the brake rigging, possible 
skidding, and, incidentally, marks an inexperienced or careless 


motorman. 
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Another factor which must be taken into consideration in 
stopping a car comfortably and safely is the condition of the 
track. It is a peculiar fact that when a slight shower causes & 
very thin film of water on the rail the friction is greatly reduced 
over that of a dry rail or even a thoroughly wet rail. Again, the 
crushing of leaves or weeds on the tread of the rail or a too 
generous supply of track grease often makes it impossibe to 
stop on a section of track thus affected without the use of 
sand. Cars have been known to slide down long hills with 
tracks thus covered while the motorman was utterly powerless 
to reduce the speed, even with the reversal of the motors. Most 
roads, therefore, not only provide a generous supply of sand on 

each car, but require the track-repair crew to keep the track free 
from leaves, grass, and weeds. 

Braking Forces.—If the car is to be stopped by the application of 
pressure to the brake shoes bearing upon the car wheels, as is 
ordinarily the case, it will be noted at once that the forces tending 
to move the car forward and those applied as resistances to stop 
the motion do not lie in the same horizontal plane, the former 
acting at the center of gravity of the combined loaded car body 
and trucks and the latter at the contact between wheels and rails. 
The result is easily seen to be a tendency to raise the rear of the 
car from the track, the forces acting at the center of gravity 
of the car having a moment about the front truck. In addition, 
there isa tendency for the rear wheels of each truck to lift from the 
track, as the forces at the king pin and center of gravity of the 
truck have a moment about thefront wheels. The resulting effect 
is that the pressure is lessened between car and rails at the rear 
and the static friction depended upon for braking is thereby 
reduced. Either the braking pressure must be reduced upon the 
rear truck over that of the front truck and that of the rear wheels 
of each truck over that of its front wheels or else all braking 
pressures must be lowered considerably below that possible at 
the front end of the car. That the braking pressures on the 
rear truck cannot be made less than those of the front truck by 
any change in the leverages on the car in the case of double-end 
cars is obvious. With single-end interurban cars such provision 
is often made. There is, however, a method of hanging brake 
shoes with the supporting link of the brake shoe out of line with 
the tangent to the wheel at the center of the shoe which will 
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vary the pressure between shoe and wheel with the direction of 
operation of the car. This may be illustrated by referring to 
Fig. 191, where the brake-shoe hanger is 5 deg. out of line with 
the tangent. With the car moving toward the right, the fric- 


Fig. 192.—Brake-shoe suspension with excessive angle. 


tional force at the shoe is balanced by a force of compression 
in the hanger plus a force normal to the car wheel proportional 
to the sine of 5 deg. This is added directly to the brake-shoe 
pressure. If the car be operating toward the left, thus making 
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the wheel shown in the figure the rear wheel of the truck, the 
frictional force produces a tension in the brake-shoe hanger and a 
force proportional to the sine of 5 deg., tending to reduce the 
pressure exerted by the brake rigging. Whereas this effect 
may be increased by increasing the angle between brake-shoe 
hanger and tangent, too great an increase of this angle tends 
to bind the shoes upon the wheel as in the case of a toggle joint, 
causing chattering of the brake rigging and flat wheels. Such a 
condition, often found on car trucks, is illustrated in Fig. 192, 
where the angle has been increased to 30 deg. 

In order to determine the concrete value of the resultant 
weight upon each wheel of a car, it is necessary to analyze all the 
forces acting thereon as outlined in Fig. 193 and to balance 


_—_—_—_—> 
Direction of Motion 


Fie. 193.—Forces acting on car during braking. 


the moments of the forces about any single point, as in 
any problem in mechanics. A sufficient number of equations 
will result to permit the weights Wi, We, Ws, and W,4 to be 
calculated and the corresponding frictional forces Fi, Fe, Fs, 
and F,4 determined through the agency of the coefficient of 
friction. In determining the above equations, it must be remem- 
bered that the rotative inertia of the car wheels, axles, and 
motor armatures must be overcome in stopping the car as well 
as the translational inertia of car and trucks. 

Whereas, the method above outlined will result in a very 
accurate analysis of the various weights and forces involved, it 
would be seldom, indeed, that the electrical engineer would make 
such a calculation before writing specifications for car equipment. 
The effect of reduction of pressure at the rear of the car may be 
taken roughly at 15 per cent and the brake rigging designed for a 
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resultant brake-shoe pressure corresponding to 85 per cent of 
the actual static weight on wheels. 
Braking Equipment.—It has been previously stated that the 
-hand- and air-brake systems are now almost universally used in 
electric-railway service. The former is used alone upon small 
city cars, while both systems are universally applied to the 
heavier city, suburban, and interurban equipment. Where both 
are used, the same brake rigging is installed for both, the lever- 
ages in the case of the hand brake being greater to make up for 
the relatively small pull the motorman can exert as compared 
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with the air pressure of the brake cylinder. A typical brake- 
rigging installation may be seen in Fig. 194, the operation of 
which will be self-explanatory if it be stated that the piston of 
the air-brake cylinder is forced forward by air pressure, when the 
proper valve position is provided by the motorman, just as the 
piston of a steam engine is operated. The principal dimen- 
sions of the various parts of the equipment of several inter- 
urban cars of the Middle West are given in Table XXXIV, 
all of which refer to Fig. 194. The ratio between brake-shoe 
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Brake Cylinder 
Fie. 194.—Typical brake rigging. 


TaBLE XX XIV.—Drmensions or AIR-BRAKE EQUIPMENT 
LL ——_eeeeeeee 
Dimensions of levers in inches 


Interurban a 
car 
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pressure and brake-cylinder pressure may be readily obtained 
from the following equations. With this ratio known, the air 
brake pressure per square inch of piston area may be quickly 
determined for various desired brake-shoe applications. 

Let P represent the total force on the piston of the brake 
cylinder and designate the resultant forces in the various links 
by the letters appearing upon the links in Fig. 194. 

P = Air pressure X area piston. (107) 

From the ratios of lever arms the following equations may be 


derived: 
- Wires. 


Y=>-55 (108) 
_YD+E) 
2 aa a (109) 
Voce (110) 
Pe (111) 


If the ratio between total pressure exerted by all brake shoes 
to brake-cylinder pressure be signified by R 


A(T + 7"), 
P 


R (for a double-truck car) = (112) 


Substitution in the above equations of values for the four cars 
in Table XXXIV results in the forces listed in Table XXXV 
with a 10-in. cylinder and maximum air pressure of 70 Ib. per 
square inch. 


TasBLE XXXV.—Forces Actinc In Ark BRAKE EQUIPMENT 


Pounds 


Interurban 
car 


From the above table it will be seen that the multiplying power 
of the brake levers on four interurban cars taken at random 
varies from 7.5 to 19.5. 


———— 
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It should not be forgotten that the above forces are based upon 
an emergency application of air of 70-Ilb. pressure which is seldom 
used. For an ordinary service application the forces would 
average less than one-half the above values. 

A further calculation may be made from Table XXXIV, which 
is of value in determining the adequacy of the equipment for the 
service. Car No. 4 in this table weighs in the neighborhood of 
25 tons. The total brake-shoe pressure exerted on all wheels 
with a 70-lb. application of air is 


8 X 6,210 = 49,680 lb. 


Ratio of total brake-shoe pressure to weight of car is 99.2 per 
cent. If the coefficient of friction were the same between shoe 
and wheels that it is between wheels and rails, it would be possible 
to skid the wheels with an application of air slightly above 70 lb. 

Brake Rigging.—The levers by means of which the braking 
force is transmitted from hand brake or brake cylinder to brake 
shoes are of heavy strap iron linked together with steel pins 
provided with cotter pins and supported from the under frame of 
the car by means of strap-iron stirrups. Links in tension are 
usually constructed of l-in. round iron rod. The circle bar 
between links Y and W (Fig. 194) is provided with the truck 
together with a clevis which may be welded to rod W and which 
is so designed as to slide on the circle bar as the trucks swing 
with respect to the car body when turning a curve. 

The hand brake consists of the familiar vertical ratchet crank 
or wheel in the motorman’s cab which winds up a chain under 
the car vestibule, this chain exerting a tensile force at H (Fig. 194) 

Straight Air-brake Equipment.—The air-brake equipment 
in its simplest form consists of a motor-driven air compressor, a 
storage reservoir, a brake cylinder, a governor, two engineer’s 
valves with gages for double-end equipment, a system of levers, 
complete piping equipment, and usually one or more air whistles 
to act as signals. Figure 195 represents the apparatus above 
outlined. ‘The compressor, reservoir, brake cylinder, and piping 
are supported from the underframe of the car. The governor is 
often placed on the car floor under one of the end seats, while the 
remainder of the equipment is in the motorman’s cab. 

The air compressor is a direct-connected pump and direct- 
current,v o155t0- series motor connected between trolley and 
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ground with only a snap switch, the governor switch, and a fuse 
in circuit. The connection is made between circuit breaker 
and trolley so that the compressor will not stop when the cir- 
cuit breaker opens. 

The governor is a pneumatically operated switch which can be 
adjusted to close the compressor circuit and thereby start the 
compressor when the air pressure falls below a predetermined 


Fie. 195.—Straight air-brake equipment. 


value and which will automatically stop the compressor when the 
pressure reaches the maximum value desired. While there is a 
considerable range for which the governor may be adjusted, it 
is generally set to operate at about 70 and 90 lb. per square inch, 
respectively. 
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The motorman’s valve is of the three-position type. The 
operating handle, when moved to the “service” position, opens 
the valve between reservoir and brake cylinder and applies the 
brakes. The extent to which the handle is moved in this direc- 
tion and the time during which it is left there determine the 
pressure applied to the brake shoes. If it be desired to retain 
this pressure in the brake cylinder the handle may be moved to 
the “lap” position where all valves are closed. ‘The handle may 
be removed only when in this position. By throwing the handle 
to the position opposite to that of ‘‘service’’ into the “‘exhaust”’ 
notch the air in the brake cylinder escapes to the atmosphere 
and the brakes are released. It is a rather unfortunate fact that 
two types of air-brake valves apply the air with opposite move- 
ments of the valve handle. This is rather confusing when a 
motorman accustomed to one method changes to another road 
using the other system. 

Emergency Straight-air System.—One of the disadvantages 
of the “straight-air’’ system is the length of time required to 
apply the brakes, due to the relatively long length of pipe through 
which the air must flow from the reservoir to the brake cylinder. 
This is, of course, especially objectionable in an emergency 
application. To overcome this objection for emergency stops 
and at the same time to avoid the complication and high first 
cost of the automatic system, the system known as the ‘‘emer- 
gency straight-air-brake system’ has been evolved. 

This system adds an emergency valve and a reservoir line to the 
equipment and provides emergency application and release 
positions on the motorman’s valve. When the valve is thrown 
into emergency position it allows the pressure of the reservoir 
line which is higher than that in the emergency valve to compress 
a spring in the latter and thereby allow a direct passage of 
reservoir air into the brake cylinder. Connections with the 
train line and reservoir lines are also simultaneously cut off. 
The application of the brakes on trailers is made possible by the 
addition of an auxiliary air reservoir, emergency valve, and reser- 
voir line to the equipment necessary for ‘‘straight-air” braking. 

In order to release the brakes after an emergency application, 
the emergency valve must first be returned to its normal position 
by recharging the reservoir line to reservoir pressure, where- 
upon the brakes may be released as from a service application 
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Fie. 196.—Emergency straight air-brake system. 
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Fia. 197.—Emergency straight air brake for trail cars. 
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by exhausting the air from the train line. The equipment 
necessary for motor and trail cars is indicated in Figs. 196 and 
197, respectively. 

Automatic Air-brake Equipment.—Contrasted with the above 
“straight-air-brake equipment,’’ which is applicable to single 
ears only, the “automatic air-brake equipment” (Fig. 198), 
similar to that used on steam trains, is often found on electric 
lines, especially in elevated, subway, and heavy interurban 
service where two or more cars are coupled together. The 
principal difference between this system and the one previously 
described is the addition of a second or auxiliary storage reservoir 
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Fia. 198.—Automatic air-brake system. 


and the use of a ‘‘triple valve.’ A ‘‘train line” or continuous 
pipe under air pressure is provided throughout the train, rubber- 
hose couplings with patented airtight knuckle joints permitting 
the ready closing of the line when shifting cars. The ‘triple 
valve,” which is the vital part of the entire system, consists of a 
piston valve ordinarily balanced in a midposition by the auxiliary 
reservoir pressure on one side and the ‘‘train-line” pressure on 
the other. When the motorman’s valve is in the ‘‘service” 
position the train line is momentarily opened to the atmosphere 
and its pressure reduced sufficiently to cause the auxiliary reser- 
voir’ pressure to move the triple-valve piston to such a position 
as to admit air from the auxiliary reservoir to the brake cylinder 
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and apply the brakes. This occurs on every car of the train. 
To release the brakes, the motorman’s valve in the ‘‘exhaust”’ 
position allows air to flow from the main reservoir to the train 
line and to raise its pressure so that the triple valve is again bal- 
anced and the brake cylinder opened to the atmosphere. One 
of the most valuable features about this equipment is the fact 
that any leakage or breaking apart of cars, etc. which will reduce 
the pressure in the train line will set the brakes upon all cars of 
the train. 

Quick-action Automatic System.—The automatic air brake 
as above described is applicable to trains up to about five cars in 
length. For the longer trains, however, the reduction in train- 
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Fic. 199.—Diagram of air brakes and safety-car-control equipment for single- 
end operation. 


line pressure requires an appreciable time to be felt throughout 
the length of the train. The effect when some cars of the train 
are braked while others are free causes severe strains on the draft 
rigging, not to mention inconvenience to passengers. The 
“quick-action, automatic air-brake system” is, therefore, applied 
to the longer trains. This is similar to the other, except that the 
“triple valve” is so designed as to feed both auxiliary reservoir 
and train-line pressure into the brake cylinder. This procedure 
not only causes each car to aid in quickly reducing the train- 
line pressure throughout the train, but it decreases the drop in 
train-line pressure which must be produced at the head car. 


ee 
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In other words, the action is cumulative throughout the length 
of the train. 

In both the automatic systems the motorman is provided with 
a duplex gage indicating both train-line and main-reservoir 
pressure. In the straight air-brake system either a single gage 
hand is provided to denote the reservoir pressure or two indica- 
tions are given, the one above outlined and, in addition, a second 
hand to show the pressure applied to the brake cylinder. 

Friction-disc, Electric, and Track Brakes.—Many types of 
special braking devices have been invented and tried out, involv- 
ing friction discs bearing upon the planed inside surfaces of car 
wheels, magnetic brakes supplied with energy either from the 
trolley or the car motors used as generators, and track brakes 
consisting of shoes bearing upon the rail instead of the car wheels 
and often designed to grip the head of the rail with a variable 
pressure. While some of these devices have served admirably 
in special instances, especially as an additional safety device upon 
severe grades, they are not in sufficiently general use to warrant 
detailed description. 

Reversal of Motors.—A method of stopping cars, in cases of 
emergency, known as “reversing” consists in throwing the 
reverse lever to the reverse position and applying power to the 
extent of one or possibly two series notches of the controller. 
This, of course, tends to operate the car in the reverse direction 
and not only stops the car with a sudden jolt, but is likely to 
damage the car equipment. It is, therefore, seldom resorted to, 
but in case of the failure of the brake rigging, or to avoid a 
collision, it is sometimes a valuable protection. 

Motors Used as Generators.—As a last resort, with no power 
supplied to the car, and with brake rigging damaged, there is 
yet another method of stopping the car. The reverse lever may 
be thrown into the reverse position and the controller handle 
swung into one of the parallel notches. The resulting connection 
causes one motor to operate as a generator, driven by the inertia 
of the car, thus supplying the other motor with power tending 
to operate the car in the reverse direction. This method may, 
of course, be used if the power supply be present by throwing the 
circuit breaker to the open position. 

With cither of the above methods involving the use of electric 
power in stopping the car, great care must be taken not to skid 
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the wheels, as this condition not only prevents a prompt stop, but 
is likely to flatten the wheels as well. 
Regenerative Braking.—Closely allied with the last-discussed 
method of stopping a car is that of. ‘regenerative braking,” 
in which all motors of the car are so connected that they may 
act as generators delivering electrical energy to the distribution — 
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system. Although this system of braking is seldom installed for 
the sole purpose of stopping or controlling the speed of trains on 
down grades, it has been used to advantage in several instances 
discussed in the previous chapter and has been found of sufficient 
value to warrant the extra complexity of control circuits involved 
therein. 
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Brake Tests.—It is often of great value to know the time and 
distance required in which to stop cars of various weights operat- 
ing at different speeds. This is particularly true in case of 
accidents and court litigation. Whereas these facts may be 
predetermined mathematically, as has been previously pointed 
out, the actual test of a car in service is often required as well. 

In order to carry out such a test thoroughly, it is necessary to 
provide a method of determining the speed of acar, the time 
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between brake signal and stop, and the distance traveled during 
this period. It is also well in some cases to know the air-brake 
pressure, the amount of wheel skidding, and the motor current 
in case either of the reverse methods is used. 

One of the most satisfactory methods of determining the speed 
at any instant is by means of a magneto generator, driven from 
the car axle, the voltage of the generator read from a voltmeter 
in circuit being directly proportional to speed. 
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The distance traveled during the braking period may be 
roughly determined from the revolutions of the car wheel or a 
similar wheel driven from the car axle, which may be caused to 
make electrical contacts every revolution. If any skidding 
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occurs, this method becomes valueless. A method which has 
worked admirably in tests at Purdue University is to give 
the breaking signal by means of a revolver from which a ball is 
shot beside the track, thus marking the start of the braking test 
very accurately. The distance required to stop may then be 
measured along the track from this point with a steel tape. 
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All of the data of the test may readily be arranged for an auto- 
matic graphical record upon a single paper chart, thus illustrating 
clearly the desired values at any given instant. 

; Testing Equipment.—A list of the principal items of the test- 
ing equipment with a detailed description of this equipment will 
be presented here. 

Chronograph.—A cut of this instrument is shown in Fig. 203 
It consists of: 
oe LA drum, approximately 6 in. in diameter by 1714 in. long, 
which held the paper record chart. 


; 
j 


Fic. 203.—The chronograph. 


2. A spring motor which drove the drum. 

3. A Seth Thomas clock with electrical contacts, which is so 
arranged as to close twice per second. 

4, A relay and electrical connections. 

5. Two magnet-operated pens. 

A diagram of the electrical connections is shown in Fig. 204. 
It will be noted that the chronograph clock and battery operate 
the time pens on the trainagraph and speedmeter. One of the 
chronograph pens is connected in the circuit with a contact maker 
which is attached to the end of one of the car axles. This con- 
tact maker has been adapted from an automobile timer and is so 
arranged that the contact is “made” for one-half of the wheel 
revolution and “broken” for the other half. The other chrono- 
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graph-pen circuit is arranged with a single-pole, double-throw 
switch so that it can be connected in series, either with the time 
circuit, or with a special contact placed on the brake valve. In 
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Iia. 204.—Diagram of electrical connections. 


Fig. 205.—Electrical contact maker mounted on the end of an axle. 


some of the tests on the Birney car the special contact is placed 
on the controller so that the removal of the motorman’s hand 
from the controller handle permits the handle to spring up and 
make the contact. 
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In the air-brake tests the general method of operation is 
to connect the time-pen circuit to the brake-valve contact a 
few seconds before the stop signal is given. When the brake 
valve is thrown to the emergency position the brake-valve con- 
tact is broken, thus de-energizing the time-pen magnet and giving 
an indication on the chart, as shown in Fig. 206. Immediately 
after this indication the chronograph operator throws the single- 
pole, double-throw switch, thus connecting the pen to the time 
circuit and giving the half-second indications shown on the 
chart. Just before the car comes to a stop the chronograph opera- 
tor closes the key switch S, short circuiting the time-relay con- 
tacts. At the instant the car is stopped the operator opens the 
double-throw, single-pole switch giving the stop indication. 
The switch S is then opened and the double-throw, single-pole 
switch closes, thus starting the time indications again. 


Fie. 206.—A typical chronograph chart. 


In the electric-braking tests the operator makes an indication 
on the chart, similar to that made in the air-brake tests by the 
brake-valve contact, by manipulation of the double-pole, single- 
throw switch. 

The lower pen record is that of wheel revolutions, each offset 
in the curve representing a revolution. The slowing down of 
the car is shown by the longer offsets. 

As the chronograph chart is driven at constant speed, both 
the time interval of stopping and the speed at various times can 
be calculated from the chart records. The time intervals and 
speeds so determined are considered more accurate than those 
determined by other methods and are used extensively in the 
analysis of test data. 

Trainagraph.—The trainagraph is shown in Fig. 207. This 
instrument is built by the American Steam Gauge and Valve 
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Fic. 207.—The trainagraph set up in car. 


Fic. 208.—The magneto and contact maker attached to car, 


ee 
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Manufacturing Co. and is equipped with three graphic recording 
pressure indicators and a time pen. The chart is driven by a 
constant-speed spring motor. In testing, the time penis energized 
from the chronograph clock, thus synchronizing the two instru- 
ments. Only two of the pressure indicators are used, one 
measuring brake-cylinder pressures and the other the brake-pipe 
or main-reservoir pressure, depending on the type of brake being 
tested. The indicators are connected to the air piping by means 
of small-diameter, high-pressure air hose. The instrument is 
also provided with precision pressure gages. 

Two sets of tests are run on the cars equipped with straight 
air brakes. In one set the main-reservoir pressure corresponds to 
the upper limit of the air-pressure governor range and in the other 
set to the lower limit of the range. A bleeding cock in the hose 
line connected to the main reservoir enables the trainagraph 
operators to reduce the pressure to the proper value for 
each test. 

Speedmeter.—To facilitate the determination of speed while the 
test is in progress, a graphic recording voltmeter is used in con- 
nection with a direct-current magneto. In such a magneto the 


~ generated voltage is directly proportional to the speed of the 


magneto armature. The magneto (Fig. 208) is belted to the driv- 
ing axle by means of a flat belt and an adjustable resistance is 
inserted in series with the voltmeter so as to permit adjusting the 
range of the instrument to fit the different conditions of wheel and 
axle diameter. The speedmeter is also equipped with a time pen, 
which is actuated from the chronograph time circuit, thus show- 
ing accurately the braking and stop indications on the speedmeter 
charts. 

Revolution Counter.—As a check on the distance traveled over 
in bringing the car to a stop, an electrically operated, car-wheel 
revolution counter is used. The connections to this counter are 
shown in Fig. 204, the axle contact maker used for the chronograph 
being used for this instrument as well. The circuit to the counter 
is closed by the observer at the instant the stop signal is given. 
The number of revolutions counted, therefore, are those occur- 
ring from the instant the stop signal is given until the car is 
brought to a standstill. The observer who operates the counter 
also rneasures, with a stop watch, the time necessary to bring 


the car to a stop. 
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Tapte XXXVI.—Comparison or Stopprne Time 1n Seconps AS DETER- 


MINED BY SEVERAL MurtHops 
eS a eee 


- ina- ed r . 
oe ae meee SE ab jed Kind of braking 
oe ee ee a ee 
E 
C- 2 8.6 8.2 8.3 8.8 High Press 
C 3 eal Be Oa |letnic, porn cto caco 3.1 High Press 
C- 4 4.3 4.3 4.4 4.3 High Press 
C- 5 6.0 6.0 5.8 6.1 High Press 
C- 6 Biel 2.8 2.9 3.3 High Press 
_C-7 ra Wa, Ga) tae High Press 
C-24 2.8 2.6 2.8 3.0 High Press 
C-29 Av 3.9 MeL 4.0 High Press 
C-30 Bal 3.4 3.1 3.3 High Press 
C-31 5.9 5.4 5.6 5.8 High Press 
C-33 Uiete 7.8 7.6 7.4 High Press 
E 
C- 8 3.2 3.5 3.1 3.5 Low Press 
C- 9 4.0 Bride oP incur 3.1 Low Press 
C-10 4.6 yh Pare ee 4.7 Low Press 
C-11 Bel 6.1 4.5 5.1 Low Press 
C-12 Wiel (fail Cea! GeO) Low Press 
C-13 8.8 8.8 8.3 9.5 Low Press 
C-14 9.8 9.8 9.5 9.6 Low Press 
C-34 3.0 3.2 2.8 3.3 Low Press 
C-35 6.9 6.7 (BA Yc) Low Press 
C-36 8.7 8.7 8.6 8.6 Low Press 
C-15 6.5 Gs og ator ree 6.8 R.M. 
C-16 9.4 y (a! Peers ee i feu 4 R.M. 
aE, avas fetge os HEE Vaegeieh scanstets cll lae sr teed hl ike veto reteie R.M 
C-18 12.9 26 ets meta areas 13.3 R.M 
C-40 14.6 pee a eer 13.7 R.M 
C-41 7.0 Vo Wane ao tiek he 5.4 R.M 
C-20 6.0 Be Mme atest 2 ei 6.4 B.M. 
C-21 9.0 938" | cakeceteerr 8.5 B.M. 
C-23 15.1 Lo dee ieracens e 14.8 B.M. 
C-42 6.0 6.25 Weer 5.9 B.M. 
C-43 1255 12255 Waser 13.0 B.M. 
C-44 22.2 222 Tseee ieee 22.0 B.M. 
C-25 3.6 Se 3.4 3.6 R.M. + E. 
C-26 4.4 4.6 4.1 4.8 R.M. + E. 
C-27 (aj) OSa Gikrecenienirtes 6.3 R.M. + E. 
C-28 8.5 8.6 7.8 7.9 R.M. + E. 
C-37 SIA 25 3.7 3.6 R.M. + E. 
C-38 6.2 6.1 6.0 5.8 R.M. + E, 
C-39 (ie 7.5 6.9 6.9 R.M. + E. 
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Taste XXX VII.—Comparisons or Stopping Distances aS DETERMINED 
BY SEVERAL Mrtnops 


Ss SSSSSSSSSSSSSSSSSSSSSSSSSsSSSSSsSsS— 


Distance by: Distance by revo- 


Run Meas- chronograp lution counter 
: r : . 
. Siotanee, Revolu- Dis- Revolu- Dis- gd of beskne 
feet tion of tance tion of tance 
car wheel | feet car wheel feet 
ee cee ee ee ee A A ee 
C- 2 243.1 27.0 220.0 28.0 228.0 E.—High Press 
C- 3 29.0 3.0 24.4 4.0 32.6 E.—High Press 
C- 4 67.8 8.0 65.2 7.0 57.0 E.—High Press 
C- 5 126.0 14.0 114.0 14.0 114.0 E..—High Press 
C- 6 Fa af 370) 16.3 320 24.4 E.—High Press 
C- 7 166.8 19.0 155.0 19.0 155.0 E.—High Press 
C-24 26.2 2.5 20.4 3.0 24.4 E.—High Press 
C-29 52.4 5.0 42.3 5.0 40.7 E.—High Press 
C-30 36.0 3.0 28.5 4.0 32.6 E.—High Press 
C-31 100.0 11.0 89.5 127.0) Wee eee Ii.—High Press 
C-33 194.2 21.5 175.0 19.5 228.0 E.—High Press 
C8 33.8 3.5 28.5 4.0 32.6 E.—Low Press 
Cc- 9 32.0 3.0 24.4 4.0 32.6 E}.—Low Press 
C-10 66.0 7.0 57.0 7.0 57.0 E.—Low Press 
| C-11 74.0 8.0 65.2 8.0 65.0 E.—Low Press 
, C-12 144.4 16.5 134.2 17.0 138.5 E.—Low Press 
C-13 205.6 23.5 191.5 24.0 195.5 E}.—Low Press 
C-14 266.0 31.0 woaed 31.0 252.0 E.—Low Press 
C-34 33.0 3.0 24.4 3.0 24.4 E.—Low Press 
C-35 138.9 16.0 130.0 15.0 122.0 E.—Low Press 
C-36 213.5 24.0 195.5 25.0 204.0 E.—Low Press 
C-15 49.3 5.5 44.7 (fa) 57.0 R.M. 
C-16 59.0 6.5 52.9 70 57.0 R.M. 
C-18 138.6 15 126.0 1 BF fe 4] 138.5 R.M, 
C-40 DFA Anse Sag alll 6, steleusi:s -5;:-!'s 33.0 269.0 R.M. 
C-41 CAOM cytes tedace eile oistete'e nie « 7.0 57.0 R.M. 
C-20 53.0 6.0 48.9 6.0 48.8 B.M. 
C-21 122.0 14.0 DVDS 14.0 113.0 B.M. 
C-23 272.8 32.0 262.1 33.0 269.0 B.M. 
C-42 50.0 5.5 44.7 6.0 48.8 B.M. 
C-43 191.2 31.0 252.2 30.0 244.0 B.M. 
C-44 418.5 58.0 472.0 58.0 471.0 B.M. 
C-25 38.4 4.0 32.6 4.0 32.6 BE. + R.M. 
C-26 69.0 7.0 57.0 8.0 65.2 E. + R.M. 
C-27 133.5 14.5 108.1 16.0 130.0 EE, + R.M 
C-28 218.1 23.5 191.5 25.0 204.0 E. + R.M 
C-37 28.5 3.0 24.4 13.0 24.4 E. + R.M 
C-38 118.9 13.0 105.9 13.0 106.0 E. + R.M 
C-39 174.5 19.5 159.0 20.0 163.0 E. + R.M 
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Report to the Central Electric Railway Association..—As a 
result of the presentation at the Louisville Convention of the 
Association, 1922, by H. C. De Camp, of a paper on the subject 
of “‘Emergency Stops,”’ the motion was passed: 

“That a committee of five be appointed to look into this 
question very thoroughly.” 

After several informal conferences and considerable corre- 
spondence, the Committee decided to make a series of tests on 
several types of cars during the week beginning Sunday, May 13, 
1923. Emergency-stop tests, extending through this week, were 
made on: 

1. Interurban car, double truck, four motors. 
2. City car, double truck, four motors. 

3. City car, double truck, two motors. 

4, Birney safety car. 

Conclusions.—As the result of a careful analysis of the test 
data, the following conclusions were reached: 

1. There is no one best way to stop any car in an emergency. 
In general, the best way will depend somewhat on the type of © 
brake and motor equipment. 

2. As a broad rule, subject to occasional exceptions, it may 
be said that the best way to stop a car equipped with air brakes 
is to apply emergency air and sand, simultaneously throwing 
the controller to the “off” position. 

3. The electrical methods of braking, reversed motors and 
bucking motors, subject the equipment to very severe strains. 
Because of the abruptness with which the braking force is 
applied, the value of these methods in emergency braking is 
more apparent than real, except in those cases in which the air 
brakes from some cause are inoperative. 

4, Of the two electrical methods, reversed motors and bucking 
motors, the reversed-motors method is the most effective. 

5. If the motors are reversed in conjunction with emergency 
air and sand, skidding invariably results, and even under good 
rail conditions, the results are not superior to those obtained using 
air alone. 

6. The electric braking methods are more likely to produce 
erratic results than the emergency air, and for this reason should 
not be resorted to as a general practice. 


* Ewina, D. D., “Emergency Braking on Electric Cars,” Bull. 13, 
Engineering Experiment Station, Purdee University, Lafayette, Ind. 
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7. Because the rail conditions under which these tests were 
made were better than those ordinarily obtaining on city streets, 
the results should be regarded as minima rather than averages 
or Maxima. 

8. The best way to stop a Birney safety car in an emergency 
is for the motorman to raise his hand from the controller handle. 
This is true only when the car is running with brakes released. 
With brakes applied, the brake valve should be thrown to the 
emergency position. 


CHAPTER XXVI 
CAR-HOUSE DESIGN 


As the modern car house not only provides storage for the 
rolling stock, but also furnishes room for inspection and repairs 
and often includes the shops and offices of the railway company, 
much thought must be given to its location and design. 

Location.—Too often a lot for a car house is secured before 
the size or requirements of the latter are determined, thus 
requiring that the car-house and track layout be fitted to the lot. 
This procedure results in a limited and unsatisfactory design. 
A site of sufficient size for all the above functions of the car house, 
with proper consideration for future growth, should be selected 
in the most convenient section of the city from an operating 
standpoint. Care must be taken to make sure that all necessary 
track privileges may be obtained from the city authorities before 
the site is finally purchased. 

In the case of the interurban car house, a location for the latter, 
together with the shops, offices, and often the power house or 
substation, is selected at about the middle of the line, although 
where the interurban road is operated by the company controlling 
the traction systems of the terminal cities the cars may be handled 
by the city car houses. This plan often offers the advantages of 
lessened fire risk, smaller dead mileage of cars, improved freight 
and express accommodations, and better or more congenial homes 
for employees. For the advantages to be gained by locating near 
the power house, as well as for an outline of many considerations 
to be taken into account in deciding upon the proper location, 
reference should be made to Chap. XVI. 

The fire risk of a car house is great. Not only should abun- 
dant water supply and other fire protection be available, but care 
should be taken to avoid all fire risk from adjoining buildings. 
The subsoil should be examined with a view toward determining 
the foundations and piling necessary, although with the lighter 
and more equally distributed weight of the car house this is not 

402 
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such a vital factor as with the power station. Good drainage 
and suitable sewer connections should, however, be available or 
easily provided. 

Layout of Tracks.—One of the first questions to be decided 
is the percentage of total cars owned for which cover shall be 
provided. This is a question upon which railway managers 
differ widely. At the 1907 Convention of the American Street 
and Interurban Railway Association a committee appointed to 
nvestigate this question assumed the case of a car house accom- 
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Fig. 209.—Baltimore Park terminal car house. 


modating 84 cars under cover as compared with a similar design 
capable of housing but one-third this number. The estimated 
costs were $105,000 and $45,000 respectively. With fixed charges 
at 12 per cent, this represents an annual saving of $7,200, 
or $85 per car. A study of the requirements of this road showed 
that all cars not in service between 6 a.m. and midnight could be 
housed by the small structure and, of course, this wouldinvolve 
different cars on different days The larger car house and the 
increased annual outlay includes simply the ability to house two- 
thirds more cars from midnight until6a.m. Since the $85 per car 
will nearly provide for repainting and varnishing a car each year, 
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and as the added deterioration of the car during this period of 
day when out of service is not great, this particular case seems to 
favor open storage. Opposed to this evidence probably the most 
important argument for complete car storage is the fact that the 
equipment will certainly receive better attention from inspectors: 
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Fie. 210.—Typical car-house track plans. 


and repair crew if all cars are stored within the car house, espe- 
cially in bad weather. 

The next question of importance is whether a single- or double- 
end house is desired. The latter type provides more ready 
movement of cars through the house and aids greatly in clearing 
the house in case of fire. Where a whole block or two inter- 
secting streets are available, it is often customary to form an 
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operating loop through the car house for the cars when in regular 
service, with regular inspections as they stop over the inspection 
pits. A rather complicated example of this construction is 
shown in the plan view of Fig. 209, representing the Park 
terminal car house in Baltimore. The principal objections to 
the double-end arrangement are the difficulty in keeping tracks 


Street 


Fig. 211.—Typical car-house track plans. 


clear for through operation, the large amount of special track 
work required, and the added difficulty in heating. 
Whichever of the above designs is decided upon, depending 
largely upon local conditions, the problem remains so to connect 
the various tracks of the car house with those of the main line 
that the greatest possible flexibility of car movements within the 
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yard may be had without interference with main-line traffic and 
without obstructing the main track with more special work than 
is absolutely necessary. Figures 210 and 211 illustrate several 
typical methods of solution for this problem. Case A intro- 
duces several switches into one of the main tracks, but makes no 
connection with the second main track. A more flexible arrange- 
ment is shown in case B, where a cross-over is provided to the 
second main track in addition to one located in the car house. 
The latter is often found very useful, but its installation depends 
very much upon the availability of the special work in front of the 


Fig, 212.—Car house and yard design, remote-controlled track switches. 


car house for switching purposes. If the special work in the 
main line be objected to, case C may offer a satisfactory solu- 
tion, requiring, necessarily, more yard room. ‘The design of case 
D uses an extra or “gauntlet” track in the street for switching, 
while # is similar to B, except that the operating tracks are on 
the right of the storage house. If space will permit, F (Fig. 211) 
offers an ideal arrangement, allowing the through cars to pass 
through the car house for inspection or minor repairs if desired 
and relieving the main line of all special work. It may also be 
used as a “Y” for turning cars which must operate single ended. 
Designs G and J have been termed “bottle” entrances, involving 
the special work within the car house because of building condi- 
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tions. H may be used often in interurban service where land is 
cheap and the car house may be placed at some distance from the 
main track. Case I involves the use of the third track in the 
street and, therefore, is limited to use with wide streets only. 

The special work required for any of the above entrances 
should be of girder rail with manganese hardened centers, 
regardless of the type of rail used in the street and car house. 
This is especially true in cases in which the regular street traffic 
must pass over the switches and frogs as well as the cars entering 
the car house. 

Transfer Table.—The use of a transfer table in the car house 
often does away with much of the special work. This transfer 


Fig. 213.—Car house provided with transfer table. 


table consists of a large truck operating upon a pair of depressed 
rails laid across the car house with its upper surface flush with 
the floor and bearing sections of rail matching those of the storage 
house and outgoing tracks. A car may be run on this table in 
either direction, be transported transversely of the car house, and 
run off on another track. The table may be operated by hand in 
small installations, but is ordinarily driven by an electric motor. 
A typical installation may be seen in Fig. 213. Although the 
transfer table may be found in many city car houses, it is serl- 
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ously objected to by many because of the time required to shift 
cars, especially in case of fire, and the space taken up thereby, 
which might otherwise be available for storage. To obviate these 
objections the “flush” transfer table is used to some extent, the 
cars being run up to the table on a slight gradient, the table 
trucks operating on a transverse track flush with the floor. 

Building Design.—With the above questions determined, the 
design of a suitable building for a car house is a relatively simple 
matter. The two factors to be kept constantly in mind are ease 
of handling and repairing cars and fire protection. 

Fire Protection.—Car houses are recognized to be consider- 
able of a fire risk and many serious fires have consumed many 
thousand dollars’ worth of rolling stock in a surprisingly short 
time, the entire duration of several such fires being barely 
more than 30 min. In many instances where there is a spacious 
yard room outside, the house rails are sloped toward the entrance 
so that the cars will coast out of the barn if brakes are released. 
In other cases many cars have been saved in case of fire by 
throwing the controller handle to the first notch and allowing 
‘ them to run out without attendance. 

Not more than three tracks should be enclosed without a fire- 
proof partition and a single fireproof section should not contain 
more than $200,000 worth of rolling stock as stipulated by the 
Fire Underwriters. The best design is either brick walls with 
heavy mill-type roof construction of fireproofed timber or rein- 
forced concrete throughout. For the latter construction see Fig. 
213. Steel-truss roof construction has proved very dangerous 
in cases of fire, as the roof falls in very quickly, thus cutting off 
all possibility of getting out the remaining cars. Curtain walls 
of cement plaster on wire lath are often installed in long houses, 
separating the storage space into several fireproof compartments. 
The front of the house and these curtain walls are provided with 
steel rolling doors. Opinion is divided regarding the advantages » 
of timber roof trusses over posts for roof supports. The latter, 
of course, obstruct the working area somewhat, but are often used 
to advantage for lighting outlets, sprinklers, and the convenient 
support for fire-fighting equipment. Automatic sprinkler systems 
are now being rapidly installed on ceilings and in aisles between 
cars for additional and prompt fire protection. These are sup- 
plied with sufficient head of water either from the city high-pres- 
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sure system or from a tank especially installed upon the premises. 
The appearance and relative dimensions of a typical car-house 
elevation may be noted in Fig. 214. 

Pit Construction.—For convenience in inspection and repair, 
from 30 to 50 per cent of the tracks in the car house are pit tracks, 
z.e., the floor between the rails is depressed several feet and 
cemented as shown in Fig. 214 in order that the under portion 
of the car may be accessible. It has also been found convenient 
to depress a portion of the floor between adjacent tracks by 1 
or 2 ft. for convenience in packing journal boxes, etc. 

Heating.—Car houses are heated principally by either steam 
or hot water, coiled pipes being located in pits and upon the 
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Fig. 214.—Typical car-house elevation. 


lower portion of all walls. The boiler room, if not in a separate 
building, must be carefully protected by fireproof walls. The 
heating of car houses is at best an unsatisfactory problem, espe- 
cially where the end doors must be continually open for the opera- 
tion of cars. 

Floors.—The floors in small storage car houses are sometimes 
of gravel fill. This is not to be approved, however, on account 
of the impossibility of keeping such a floor in a sanitary condition. 
Heavy timber flooring is probably most often found, but it should 
be avoided if the expense of concrete with cement finish can be 
seriously considered. Often the latter can be constructed with 
cinders from the power station without great expense and will 
prove the most satisfactory of all car-house floors. Since sub- 
stantial piers must be laid for the track in whichever form it may 
take, the floor is generally supported therefrom. 
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Lighting.— Incandescent lighting by means of five light series 
groups of lamps connected between trolley and ground is often 
used in smaller installations, but a low-voltage, ungrounded sup- 
ply is much preferable. Lights spaced every car length in aisles 
are usually sufficient for general illumination if generous provision 
be made for pit lighting and outlets for portable lamps. Pit 
lighting particularly should be in conduit, as illustrated in Fig. 
215. General illumination for very large areas and for storage 


Fig. 215.—Example of good pit lighting. 


yards may be furnished by means of are or large incandescent 
lamps, but these are not popular for car-house installation. 
Offices and Employees’ Quarters——The arrangement of 
offices, employees’ quarters, and storage for raw materials and 
tools is dependent upon local requirements and will not be dis-- 
cussed in detail. The portion of the building containing the 
offices and employees’ quarters is often of two stories and, where 
within the city limits, is designed to present a good architectural 
appearance. Many companies fit up spacious apartments, for 
the use of employees, rather elaborately with recreation and 
reading rooms, sleeping quarters, baths, etc. Provision should at 
least be made, however, for making out reports and for com- 
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fortably spending spare time between “reliefs.” An average 
plan may be seen in Fig. 216. 

Repair Shops.—It is necessary to decide at first what the 
policy of the company is to be with regard to car repair and 
reconstruction. If a large interurban company is to make all 
repairs, reconstruct damaged cars, and possibly build new cars, a 
very elaborate series of forge, woodworking, machine, and paint 
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Fig. 216.—Typical car-house plan. 


shops will be necessary. The majority of the smaller companies, 
however, make only minor repairs, often sending away wheels 
for replacement or re-turning rather than installing the lathes and 
hydraulic presses necessary for this work. Whereas the dis- 
cussion of the former type of shop is beyond the scope of this 
treatise, especially ~s comparatively few of the roads are thus 
equipped, the following average list may be of value in Lette 
the equipment for a small shop. The machines are liste 
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approximately in the order in which they would be added with 
increased demands upon the repair shops. 

1 screw cutting lathe, 14-in. swing. 

1 vertical drill press, 24 in. 

1 tool-grinding wheel. 

4 armature stands for rewinding armatures. 

2 forges. 

1 automatic power hack saw. 

1 oven for baking insulation. 

1 commutator slotting device. 

1 wheel-turning lathe. 

1 hydraulic wheel press. 

Whereas the small repair shop as well as the paint shop often 
occupy sections of the main car house, the large shops are housed 
in separate but adjacent buildings. Such an arrangement, 
showing typical floor-plan details, will be found in Fig. 216. 


CHAPTER XXVII 
ELECTRIC LOCOMOTIVES 


With the recent rapid advance in electric traction there has 
come the successful design, construction, and operation of several 
types of electric locomotives. While the Baltimore & Ohio R. R. 
had: previously operated electric locomotives in its tunnels for 
several years, the great impetus in electric-locomotive develop- 
ment came in 1903 as a result of the requirement that the tunnels 
entering New York City be electrified. This was done largely 
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Fiq. 217.—Growth of steam railroad mileage electrified and electric locomotive 
tonnage in heavy traction service in United States and Canada. 


as a safety precaution soon after a serious wreck in one of these 
tunnels due to the inability to read signals on account of the 
smoke enclosed in the tunnel. Likewise, the Cascade Tunnel 
of the Great Northern R. R. in Washington was equipped with 
electric locomotives after a train parted in attempting to mount 
the severe grade of the tunnel with two steam locomotives, 
resulting in a delay of the train in the tunnel and the consequent 
413 
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overcoming of the train crew and many passengers by poisonous 
gases and smoke. : 

In Fig. 217 are shown the growth curves of electrified track 
mileage and electric-locomotive tonnage. The effect of the 
World War on railway-electrification development is clearly 
shown. A number of railroads which were contemplating elec- 
trification of mountain grades or city terminals in 1914 are only 
now beginning to revive their interest in electrification. In 
passing, it may be noted further that the curves indicate that each 
mile of track requires about 20 tons of locomotive capacity. 

Advantages of Locomotives over Motor Cars.— With the multi- 
ple-unit control of motor cars, which has been previously 
described, developed to such an extent that long, heavy trains of 
both motor cars and trailers are being operated successfully in 
elevated, subway, and interurban service, thus offering a very 
flexible distribution of motive power and weight on driving wheels 
throughout the train, it might be expected that this method of 
propulsion would be applied to the heavier electrification of 
steam roads. As the traffic demands and the number of cars 
increased, motor and trail cars could then be added in the proper 
proportion so as to leave little excess capacity to operate at low 
efficiency as must often be done when but one or two capacities 
of locomotives are used for trains of widely varying weights and 
requirements. 

In spite of these advantages of the motor car, the locomotive is 
still found to be necessary in heavy trunk-line service. Its 
advantages listed below can be made to overcome those of the 
motor car by dividing the service into three or four classes, such 
as switching, suburban, express, passenger, and heavy freight, 
and designing different locomotives, if necessary, for two or more 
of these types of service, thus keeping the locomotive loaded 
approximately to its rated capacity. The advantages of the loco- 
motive in heavy service may be listed as follows: 

1. It eliminates the necessity of re-equipping present cars as 
motor cars. 

2. It eliminates the necessity of wiring some of the present 
cars with train cables for use as electric trailers. 

3. It is easy to make up trains regardless of whether they have 
been electrically equipped or not, 7.e., the electric locomotive 
makes use of present cars without change therein. 
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4. It is not necessary to make up trains in a certain order with 
the proper number and location of motor cars therein. 

5. Parts in the locomotive are easily reached for repair. 

6. The make-up of the train is not affected by the failure of 
electrical equipment. The locomotive only, and not several 
ears of the train, must be switched in case of electrical breakdown. 

7. The first cost of motive-power equipment is lower. 

8. The maintenance expenses of motive power are lower. 

At present the motor-car train seems to offer the most advan- 
tages for accommodation passenger and suburban service, while 
the locomotive seems best adapted for the long-haul passenger 
and freight service. 

Granted that an electric locomotive is needed if trunk-line 
service is to be electrified, a study of the various types of electric 
locomotives which are in use at the present time is of interest. 
With the many years of experimenting and practical experience 
with steam locomotives which have led to a most satisfactory 
design for the various types of service, advantage was taken of 
present steam-locomotive design and the electrical equipment 
added with as little change as possible. To this end the manu- 
facturers of steam locomotives and electrical machinery have 
cooperated to a marked degree in developing the new product. 

Locomotive Ratings.—The standardization rules of the A. I. 
E. E. require that locomotives shall be rated in terms of the adhe- 
sive weight, nominal 1-hr. tractive effort, continuous tractive 
effort, and corresponding speeds. The nominal and continuous 
tractive efforts are those corresponding to the nominal and 
continuous outputs of the motors (see Chap. XXIII). The rated 
speed is the speed expressed in miles per hour when the motors 
are operating at their full voltage, continuous rating. The 
tractive effort exerted at 25 per cent coefficient of adhesion is also 
often given. 

Locomotive Data.—The following tables, made up of data col- 
lected from many sources, give concisely some of the more impor- 
tant details of the earlier American electric locomotives: 
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Tanne XXXVIIL—DatTa on HaruieR GENERAL ELEctRic COMPANY 


LocoMoTIvEs 
ee ee Oe eee 
N. Y.C. | Butte, Ana- Oregon Great 
Road (ap = OED ae conda & Electric Northern 
RAR: Pacific Ry. Ry. Ry. 
Electric system: ....--7--«+++0 D.c. D.c. D.c. 3-phase A.c. 
BEEVICE 1. res arecieierns BEND pure Terminal Main line | Interurban Main line 
passenger freight freight freight 
First placed in service..........- 1908 1913 1912 1909 
Contact line voltage............ 600 2,400 600/1,200 6,600 
NiGHOE MOLGIS a arenes o0 ore dase 4 4 4 4 
Mechanical transmission....... - Direct Gears Gears _ Gears 
GOaETETO cewac tne saeco: Ske Gearless 87/18 64/17 81/19 
CWoutroley cece: cmon nena tae Type M Type M Type M Type M 
Motor ventilation.............: Natural Forced Natural Forced 
WMGSLiTraiie se: Sate cietois, ti wistalsts arehe Cast steel 12 in. 10 in. Structural 
channels channels steel shapes 
Body construction.............. Steel Steel Steel Steel 
Wheel arrangement............. 4-8-4 0-4—4-0 0-4—4-0 0-4-4-0 
Drive-wheel diameter........... 44 in. 44 in. 37 in. 60 in. 
Rigid: wheel Hasercs «cic vst sc 13 ft. O in. 8 ft. 8 in. ¥ it. 24D. 11 ft. 0 in. 
Total’ wheel base......9 .<06o-00< es 36 ft. O in. 26 ft. O in. 26 ft. 8 in. 31 ft. 9 in. 
Length inside of knuckles........ 41 ft. O in. 37 ft. 4 in. 37 ft 4 in. 44 ft, Zin. 
Motalewelgiiticane tester monrerts 230,000 160,000 100,000 230,000 
Weight per driving axle......... 36,000 40,000 25,000 56,000 
Adhesive weight... o0cece<+sc +s 144,000 160,000 100,000 230,000 
APSE Cl, OUT) aucctes «clas c1azers ie taere 20,500 30,000 13,300 39,800 
ED Sa (Con tinuous) sorte sels el ieies 6,700 25,000 8,000 25,000 
Speed in m.p.h, (1 hr. rating).... 40 15) 12.3 ks a | 
Speed in m.p.h,. (continuous rat- 

AINE) cietseneteNene sie Maus tiers oTelpiherans 57 16:2 0 aloctave<esges 15.3 
tour hpi. .amaaen tty. e<iarie oeaels ors 2,200 1,200 400 1,600 
Continuous hp... ... 6. seca. 0 1,000 LOBOS O15. reste vious 1,000 
Ip Homrshp. per toners. .css soe 19.1 15 8 13.9 
1 Hourtl.H. per tony seis-g2..06 178 375 265 346 


Fig. 218.—New York Central locomotive. 
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TaBLhE XXXIX.—Dara on Earuier WEstINGHOUSE LOocoMOTIVES 


Road 


NWN es 
& H.R. 


R. 


ING Ys. Ne Et 
& H.R. R. 


R 


Penn- 
sylvania 
R. RB. 


Norfolk & 
Western 
te ey 


ee ee ee ee ee 


Electric system................ 


First placed in service........... 


Contact line voltage............ 
ING. Ofe MOOSE. tei sicsee< oexsde 6 wp x 


Gear TALON va cae nt us fe-se os 0% 
Coantrolienn dean biccc akin siecle: sina" 


Motor ventilation.............. 
Wrderirame 2 asscs spose > aes os 


Cab body construction.........: 
Wheel arrangement............. 
Drive wheel diameter........... 
Rigid wheel base..0 oo... ee es 
Total whecl base... ...0. 66% 
Length inside of knuckles........ 
PL ORAL WEEN Ga nieve cess ereieusieis ss 
Weight per driving axle......... 
Adhesive weight................ 
IPBy (ohour rating) <.%.0. <2. + 


aL Bie. (COMtINWOUS) S o5.6 205.2 2-0 aide 


Speed in m.p.h. (1 hour rating)... 


Speed in m.p.h. (continuous rating) 


A.c.—D.c. 


Terminal 
passenger 
1908 


11,000 

4 

Direct 
(mounted 
on quill) 
Gearless 
A.c—D.c. 


Master cont. 


Forced 
Steel chan- 
nels and 
girder con- 
struction 
Steel 
2-4-4-2 
62 in. 

8 ft. 


36 ft. 
204,000 
38,500 
154,000 
8,900 
5,900 
40.5 
51.5 
960 

800 

9.3 


87.5 


0 in. 
30 ft. 10 in. 
4 in. 


A.c.-D.c. 


Main line 
term. freight 
1909 


11,000 
4 
Geared to 
quill 


2.32 
A.e.—D.c. 
Master cont. 
Forced 
Structural 
steel 


Steel 
2-4—4-2 
63 in. 

7 it, ‘0 in: 
38 ft. 6 in. 
48 ft. 0 in. 
280,000 
48,000 
192,000 

15,000 


12,000 
30.3 
35 
1,260 
1,120 
9.0 


111.5 


D.c. 


Terminal 
Pass. 
1910 


600 
2 
Connecting 
rods and 
jack shaft 
Gearless 
H.B: 


Natural 
Cast steel 


Steel 
4-4-4-4 
72 in. 

é tt. 21m. 
55 ft. 11sin. 
64 ft. 11 in. 
314,000 
50,000 
200,000 
42,000 
(30 minutes) 

9,000 


36 
(30 minutes) 


67 


4,000 
(30 minutes) 
1,600 


25.5 

(30 minutes) 
267 

(30 minutes) 


Split phase 
A.c. 
Main line 
freight 
1914 (build- 
ing) 
11,000 

4 
Gears and 
side rods 


Master cont. © 
3-phase 
Forced 


63 in. 
1d it. 0:in. 
43 ft. 0 in. 
52 {t. O.in. 

260,000 
55,000 
220,000 

43,700 


20,000 
34,300 
14 


28.3 Two 
| 14.2 speeds 
1,640 


1,500 at 28.3 
1,300 at 14.2 
12.6 


337 


In Table XL are shown similar details for some of the most 
recent types of locomotive. 
Modern Electric Locomotives.—The New York Central loco- 


motive (Fig. 218) of the direct-current type, a plan view of whose 
motor is shown in Fig. 219, marked a radical departure in railway- 


motor design. 


As will be noted from the figure, the motor is 


418 ELECTRIC RAILWAY ENGINEERING 


bipolar, the magnetic circuit involving a portion of the truck 
frame with internally projecting laminated iron poles with 
vertical faces, between which the armature, mounted directly on 
the truck axle, might vibrate in a vertical direction with the irreg- 
ularities in the track. This design, of course, greatly increased 


Fie. 220.—General electric gearless locomotive. (Chicago, Milwaukee & 
St. Paul R. R.) 


the capacity possible in the limited space on the truck, eliminated 
many of the disadvantages of the small air gap, and gave con- 
siderable flexibility to the relative movement of armature and 
field. It also lowered the center of gravity of the locomotive 
below that of its steam-railroad competitor and increased the 
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: dead load per axle, both of which changes have some disadvan- 
tages. A more recent development of the gearless machine has 
been made by the General Electric Company for passenger seryv- 
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Fig. 221.—Characteristic curves for St. Paul gearless locomotive. 


Fia. 222. —Motor and drivers zi New York, New Haven and Hartford 
locomotive. 


ice on the Chicago, Milwaukee & St. Paul Ry. A cut of this 
locomotive is shown in Fig. 220 and its characteristic curves are 
given in Fig. 221. This machine operates on 3,000 volts, direct 
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current, and is arranged for regenerative braking (for detailed 


‘data, see Table XL). 


The locomotives of the New York, New Haven & Hartford 
R. R., which were developed soon after the above for operation 
upon the 11,000-volt, single-phase system of the above company 
and also upon the 600-volt, direct-current system of the New 
York Central R. R. entering New York City, still retained the 
motors concentric with the truck axles and between the driving 
wheels, as will be seen from Fig. 222, but reduced the dead weight 
upon the axles by supporting the armature upon a quill, concen- 
tric with but surrounding the driving axle with a space of 5g 


Fie. 223.—Armature and driving pins, New York, New Haven and Hartford 
locomotive, 


in. between axle and inner circumference of quill. The torque 
was transmitted from the armature to the drivers by means of 
seven driving pins, spring borne in recesses in the driving wheels, 
as shown in Fig. 223. This allowed the axle considerable motion, 
independent of the armature and permitted the motor field and 
frame to be rigidly supported upon the truck. In order to 
improve their riding qualities, the pony wheels were added to 
each of these locomotives in 1908. 

The Pennsylvania locomotives (Fig. 224) were built for service 
through the New York tunnels and yards of the Pennsylvania 
R. R. The locomotives are of the articulated type, two similar 
sections being set back to back, and articulated together with a 
heavy hinge which permits horizontal movements only. Each 
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section of the locomotive contains a single large motor which is 
mounted in the cab and has a maximum rating of 2,000 hp. at 
600 volts. At starting, the current input to the locomotives 
sometimes reaches 7,000 amp. The motors are of the field- 
control type and have four efficient running speeds: 

1. Series connection with full field. 

2. Series connection with normal field. 

3. Parallel connection with full field. 

4, Parallel connection with normal field. 


TIA 3977 | ‘ 
pennsyve0 | 


oe) 


Fig. 224.—Pennsylvania R. R. locomotive. 


The characteristic curves of this locomotive are given in Fig. 
225. 

The Butte, Anaconda & Pacific locomotive, whose charac- 
teristic curves are given in Fig. 227, is a freight locomotive and 
was built for operation in connection with a 2,400-volt, direct- 
current trolley line. It is equipped with four commutating-pole 
motors. The motors are wound for 1,200 volts and insulated for 
2,400 volts, and are operated with two motors permanently con- 
nected in series (for detailed data, see Table XL). 
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Fie. 225.—Characteristic curves, Pennsylvania locomotive. 


Fig. 226.—Direct-current freight locomotive. (General Electric Company.) 
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The locomotive illustrated in Fig. 228 is a typical interurban 
freight locomotive (for detailed data, see Table XL). 

Split-phase Locomotive.—This type of locomotive is equipped 
with polyphase motors which receive their energy supply through 
a phase converter from a single-phase contact line. Figure 
229 illustrates the phase converter which has been developed 
by the Westinghouse Electric & Manufacturing Co. Essentially, 
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Fig. 227.—Characteristic curves, Butte, Anaconda & Pacific locomotive. 


it consists of a high-speed, single-phase synchronous motor 
on the stator of which is placed a second winding in electrical 
space quadrature with the main winding. This second winding 
has 87 per cent as many turns as the main winding. One end 
of this winding is connected to the midpoint of the secondary 
winding of the locomotive transformer. The outer secondary 
terminals and the remaining terminal of the second stator wind- 
ing form the three-phase terminals to which the motors are 
connected. This connection of windings is similar to the well- 
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known Scott two-phase to three-phase system of transformer 
connections, the quadrature voltage required being furnished 
by the second winding of the phase converter. The small motor 


Fig. 229.—Synchronous phase converter with single-phase starting motor 


and direct-current exciter, (Norfolk and Western and Virginian electric 
locomotive.) 


which is direct connected to the phase converter is a series single- 
phase motor and is used in starting the phase converter, 

The earlier form of phase converter was of the induction type. 
The chief objection to this type of converter is that its power fac- 
tor is inherently lower than that of the synchronous type and 
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that it does not permit of power factor adjustment as does the 
latter type. A view of the type of locomotive on which this 
converter is used is afforded in Fig. 230, while the characteristic 
curves of a typical locomotive are indicated in Fig. 231. 
Motor-generator Locomotive.—The most recent type of loco- 
motive is that developed for Henry Ford’s Detroit, Toledo & 
Tronton R. R. (Fig. 232). This locomotive is equipped with 
direct-current series motors which receive their energy supply 
from a motor generator located in the cab of each locomotive 
unit. The trolley voltage is 22,000 volts, single-phase, 25-cycle, 
alternating current and the motor side of the motor-generator 


Fig. 230.—Norfolk and Western locomotive descending a heavy grade. 


set is a single-phase synchronous motor. A transformer changes 
the trolley voltage of 22,000 volts to 1,250 volts for the motor. 
The motor rating is 2,100 hp., 25 cycles, four pole, and the 
generator rating is 1,500 kw., 600 volts, 2,500 amp. 

The traction motors are rated at 225 hp., 600 volts. They are 
geared to the driver shaft with a 22-98 gear ratio. The motors 
are controlled for adjusting the field strength of the generator 
and are also arranged for regenerative braking. This method 
of contiol is very flexible from the standpoint of speed adjust- 
ment permitting with these locomotives 45 different running 
speeds between standstill and maximum speed. This type 
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of control, eliminating as it does all series-rheostat losses, is 
highly efficient. 

A double-unit locomotive of this type, such as is shown, weighs 
340 tons. It can develop 5,000 hp. at 17 m.p.h. and at starting 
exert a tractive effort of 225,000 Ib. It can deliver 3,600 hp. 
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Fie. 231.—Characteristic curves of an induction-motor locomotive. 


Fie. 232.—Westinghouse motor-generator locomotive. (Detroit, Toledo and ~ 
Ironton Railroad.) 


continuously, the corresponding speed and tractive effort being 
25 m.p.h. and 54,000 lb., respectively. 

Motompeneraver locdmdtives of somewhat different type have 
been constructed recently by the General Electric Company for 
the New York, New Haven & Hartford R. R. 
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Combining economical transmission and distribution with a 
motor of high economy, both in energy and weight, and possessing 
great flexibility in speed control, the development of the motor- 
generator locomotive seems to mark the beginning of a new 
period in electric-locomotive design. 

Design Requirements.—The electric locomotive is not an 
absolutely interchangeable machine, but, like the motor car, 
it gives the most satisfactory results when designed for the 
particular service in which it is to be used. Briefly stated, some 
of the more important requirements for a given service are: 

. Ample motor and mechanical transmission capacity. 
. High factor of safety of mechanical parts. 

. Economy in operation. 

. Safety and reliability in operation. 

. Accessibility for inspection and repairs. 

. Adequate control system. 

. Locomotive non-destructive to the track structures. 

Some of the factors which are affected by the preceding require- 
ments will now be considered. 

Motor Mountings and Transmissions.—In the early locomo- 
tives it was believed to be necessary to mount the motors on the 
driving axles between drivers, as in motor cars, with the conse- 
quent limitation in capacity of motors on account of gage of track 
and short wheel base. The change of track gage was, of course, 
practically impossible with the present installation of standard- 
gage roads in the country, and an increase in the length of wheel 
base introduced difficulties in rounding curves. In fact, any limi- 
tation upon the flexibility of the truck and the free and independ- 
ent vertical and transverse movement of individual axles with 
irregularities in the track tends to move the entire mass of the 
locomotive, thus introducing bad riding qualities and vibrations 
which become dangerous at high speeds. An attempt was first 
made, therefore, to vary the design of the large interurban 
motors to gain greater capacity upon the limited size of trucks 
and later to remove the motor from the truck axles, as will 
be shown hereinafter. 

After some few years of experience with the operation of the 
earlier-locomotives and a careful study of their characteristics as 
compared with steam locomotives, the principal problem in 
design seemed to be resolved to that of the transmission between 
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motor axle and driving wheels. Storer and Eaton, in a paper 
before the A. I. E. E.,! have presented this problem in a very 
concise form, and because of its importance in electric-locomotive 
design, and as designing engineers in both this country and abroad 
are at variance regarding the best method of transmission to 
adopt, a statement of the various types in use, taken from the 
above paper together with illustrations of each, is herein included. 


Fie. 233.—Gearless motor mountings. Fic. 234.—Geared motor mountings. 


(a) Gearless motor with armature pressed onto driving axle. ‘New 
York Central” (Fig. 233a). 

(6) Gearless motor with armature carried on a quill surrounding axle, 
and driving the wheels through flexible connections. “New Haven | 
Passenger” (Fig. 233b). 

(c) Geared motor with bearings directly on axle and with nose 
supported on spring-borne parts of locomotive. ‘St. Clair Tunnel” 
(Fig. 234c). 

(d) Geared motor with bearings on a quill surrounding axle, and (1) 
nose supported on spring-borne parts of machine. ‘New Haven Car” 


1Srorer, N, W. and Eaton, G. M., “The Design of the Electric Loco- 
motive,” Trans. A. I. E. E., vol. 29. 
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(Fig. 234d), and (2) motor rigidly bolted to spring-borne parts of 
machines, the quill having sufficient clearance for axle movements. 
“‘Four-motor New Haven Freight” (Fig. 234d’). 

(e) Motor mounted rigidly on spring-borne parts, armature rotating 
at same rate as drivers, power transmitted to drivers through cranks, 


Fig. 235.—Motor mounting on Pennsylvania locomotive. 


connecting rods and counter-shaft on level with driver axles. ‘‘Pennsyl- 
vania”’ (Fig. 235). 

(f) Motor mounting and transmission as in (e) but motor fitted with 
double bearings one part for centering motor crank axle and the other for 
centering the armature quill which surrounds and is flexibly connected to 


Fic. 236.—New York, New Haven and Hartford and foreign motor mountings. 


the motor crank axle. ‘“Two-motor New Haven Freight,” (Fig. 


236f). 

(g) Motors mounted on spring-borne parts, armature rotating at same 
rate as drivers, power transmitted to drivers through offset connecting 
rods andsiderods. ‘Latest Simplon Locomotives ” (Fig. 236g). 
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(h) Motors mounted on spring-borne parts, armature rotating at same 
rate on drivers, power transmitted to drivers through Scotch yokes and 
siderods. ‘‘Valtellina Locomotives” (Fig. 236h). 


Fie. 237.—Mounting with both gears and connecting rods. 


(t) Motors mounted rigidly on spring-borne parts, power transmitted 
through gears to counter-shaft, thence to drivers through Scotch yokes 
and side rods (Fig. 237). 


Fig. 238.—Arrangement of transmission. Norfolk and Western locomotive. 


It will be seen from the preceding that the locomotives of the 
Pennsylvania R. R. were a rather radical departure from the 
other designs previously described, having their motors above 
the trucks in the cab and returning to the connecting rods of 
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the steam locomotives for transmission to the drivers. This 
design raises the center of gravity and permits practically 
unlimited motor capacity in a single unit, as its dimensions may 
be increased longitudinally at will and transversely by overhanging 
the driving wheels. | 

The gearing of the combined gear and side-rod drive used on the 
Norfolk & Western locomotives is illustrated in Fig. 238. This 
design has been developed to a satisfactory point and is now being 
used on the latest locomotives purchased by the same company 
and also on the new locomotives of the Virginian Rys. 

In general, it may be said that gears offer a very satisfactory 
transmission for a low-speed locomotive, such as is used in freight 
' and switching service, but they do not seem to be able to stand 
up under the heavy impact strains which accompany high-speed 
operation. On the other hand, slow-speed gearless motors are 
excessively large and heavy, because the peripheral speed of the 
armature is below the most economical value. Motors are, there- 
fore, best adapted for high-speed operation. 

Within recent years there has been a marked tendency toward 
the use of flexible gears where the geared drive is adopted. In 
these gears the rim of the gear is connected to the center through 
heavy springs. This arrangement greatly minimizes the impact 
strains on the gear teeth. 

Locomotive Weights.—The locomotive weights used in various 
classes of electric-railway service have been indicated in Chap. 
XI. The weights and dimensions of interurban locomotives are 
usually limited by roadway conditions, such as strength of 
bridges, weight of rail, spacing of ties, overhead and side clear- 
ances, and by the maximum peak loads allowed on the power- 
distribution system and power plant. It is feasible to build 
locomotives for heavy traction service in very large sizes, but it 
is not necessary to do so, as the multiple-unit control system per- 
mits any desired number of locomotives to be operated as a 
single unit. Besides, small units may be more readily shopped, 
and while in the shop do not tie up as much capital as do the 
larger units. 

A study of Tables XX XVIII and XXXIX indicates that the 
weight per driving axle varies considerably in the different 
designs. Axle loads up to 72,000 Ib. have been used in steam- 
locomotive practice, but such loads make roadway maintenance 


434 ELECTRIC RAILWAY ENGINEERING 


very costly. In well-designed heavy electric locomotives the - 
driving-axle loads usually range between 35,000 and 65,000 lb. 
The weight on drivers must be sufficient that the adhesion of the 
locomotive will permit the motors to be worked up to their over- 
load rating, yet must not be so great that the motors will be 
dangerously overloaded before the drivers slip. 

Drive Wheels.—Drive-wheel diameters vary from 33 to 72 
in. Small drive wheels cannot be used with gearless motors, 
because they limit the diameter and, therefore, the capacity of 
the motor armatures. Other considerations which tend to fix 
‘the minimum size of the drive wheels have been given in Chap. 
XI. Considerations of motor, transmission, and frame design 
fix the maximum limits of drive-wheel diameter. 
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Fig. 239.—Diagram showing equalization plan and weight distribution of a 
Westinghouse locomotive. (Chicago, Milwaukee & St. Paul R. R.) 


Drive wheels for large locomotives are usually constructed 
with a steel tire shrunk on a cast-steel core. Either solid rolled- 
steel or cast-iron wheels with chilled treads are used on the smaller 
locomotives. The treads are usually made to conform to the 
specifications of either the Master Car Builders’ Association or 
the A. BE. R. A. | 

Trucks.—The length of the rigid wheel base of a truck is limited 
by the sharpest track curve which must be negotiated by the loco- 
motive. Many different truck designs are in use. A modified 
form of the Motor Car Builders’ type is much used for small 
locomotives. Trucks for heavy locomotives are usually articu- 
lated or hinged in order to prevent ‘rearing up”’ of the ends of the 
trucks when the motors are exerting large tractive efforts. Since 


ELECTRIC LOCOMOTIVES 435 


the trucks transmit the entire tractive effort of the locomotive, 
they must be heavy and strong. As has already been intimated, 
the design of the main trucks is usually dependent to a greater or 
less extent on the type of motor mounting used. For speeds 
above 40 m.p.h., or for operation over track which has many 
sharp curves, pony or guiding trucks are usually necessary. 
These trucks must carry sufficient weight in order that they may 
properly perform their functions. 

Cab Underframing.—The cab underframing is a vital part 
of the locomotive. In most cases it transmits the tractive force 
developed by the motors to the drawbar and supports the cab 
and a great part of the locomotive equipment. It must be strong 
enough to withstand enormous bumping strains and shocks. 
For heavy service, the frames are often designed to withstand 
bumping forces equivalent to a static load of 500,000 Ib. In 
general, the underframing is similar to that used in steam loco- 
motive tender construction. Heavy channel or I-beams are 
used for the longitudinal members or sills. These are riveted to 
heavy cast-steel end sills. The body bolsters and steel sheet 
floor are also riveted to the sills, thus making an exceedingly 
strong platform construction. Since standard structural shapes 
may be used, this form of construction is very economical. Some 
engineers advocate the use of frames built up of plate metal as 
they are a little more flexible in the vertical plane and permit 
a little better equalization of the load on the drive wheels. Such 
frames are much used abroad, but have not been used to any 
considerable extent in this country. 

Cabs.—Cabs may be either of the box or steeple type. For 
heavy-road locomotives the box-type cab is commonly used. 
Control positions are located at each end. The air compressor, 
blower for motor, ventilating system, switch groups, and other 
auxiliary apparatus are conveniently located on the cab floor. 

Cabs are built of either wood or steel. The latter is preferable, 
but is more expensive. For service in cold climates, steel cabs 
should be lined with wood or some heat-insulating composition, 
and both steel and wood cabs should be provided with heaters. 
Locomotives designed for passenger service sometimes carry an 
oil-fired steam boiler in the cab for heating the cars. 

Interurban and switching locomotives are often equipped with 
steeple-type cabs. In these cabs the auxiliary apparatus is 
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On switcher loco- 


motives only one control position need be installed. 


placed under the steel hoods at either end. 
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In general, the cab should be well li 


doors and lookout windows 


ghted, have convenient 


, and be so constructed that the cab 


itself can be removed with a minimum derangement of apparatus. 
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Riding Qualities—Not only must a locomotive be able to 
start a train and have sufficient power to haul it at the required 
speed, but it must perform these duties with the maximum 
safety and the minimum destruction of roadway. Track ham- 
mering and ‘‘nosing”’ of the locomotive are the principal causes 
of track destruction and resulting wrecks. Heavy dead weights 
(non-spring-borne weights) and unbalanced rotating parts cause 
hammer blows to be delivered to the rail head. The excessive 
vibration which occurs when an improperly designed locomotive 
is operated at high speed is also very destructive to the roadway. 
Nosing, or the swinging back and forth of a locomotive in a direc- 
tion transverse to the track, tends to loosen the spikes and 
overturn the rails, either by the direct pressure of the wheel flange 
against the rail head or by impact blows. While it is impossible 
to eliminate nosing entirely, various results may be prevented by 
the following means: 

1. The use of pilot trucks. Pilot trucks tend to guide the loco- 
motive around curves and prevent transverse movements of the 
ends of the locomotive. The lateral thrust of the wheels against 
the rails acts as a guiding force, which has for its lever arm the 
horizontal distance from the center of gravity of the locomotive 
to the effective turning center of the pilot truck. 

2. Restraining the transverse movements by means of springs. 
Oscillations around the vertical center-of-gravity axis are thus 
dampened and impact blows on the side of the rail heads 
prevented. 

3. Permitting a certain amount of vertical and transverse 
movements of the individual axles. Movements imparted to the 
individual axles by uneven track or small obstacles will be taken 
up by axles themselves and not imparted to the entire mass of 
the locomotive. 

4. Massing the bulk of the weight as near the center of gravity 
of the locomotive as possible. When this is done, only a small 
guiding force will be necessary to keep the locomotive body inits 
proper position relative to the track, and transverse oscillations 
are easier to dampen out. The excessive nosing often noticed 
when single-truck cars and switcher locomotives are operated at 
fairly, high speeds is largely due to the large amount of over- 


hanging weight. 
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5. Keeping the center of gravity high. The distance from the 
point of restraint to the center of gravity is thus increased, thereby 
decreasing the movement which tends to cause oscillations 
about the center of gravity. 

The first passenger locomotives built for both the New York 
Central & Hudson River R. R. and the New York, New Haven 
& Hartford R. R. gave much trouble on account of their serious 
nosing. The riding qualities of both types were greatly improved 
by the use of pilot trucks. Locomotive builders, profiting by the 
experience gained in the operation of these locomotives, are now 
building locomotives which have very excellent riding qualities. 

Costs.—Since most of the locomotives now in service were at 
first more or less experimental and had large development charges 
included in their first costs, authentic information regarding 
locomotive costs is difficult to obtain. Cost data that have been 
published from time to time indicate that at present the first costs 
range from 25 to 40 cts. per pound. Locomotive maintenance 
and repair costs largely depend on the nature of the service in 
which the locomotive is operated. A study of Interstate Com- 
merce Commission reports and other published data indicates 
that these costs range from 3 to 12.cts. per locomotive-mile, with 
an average value of about 5 cts. 

Although some arguments in favor of the electric locomotive 
as compared with its steam rival will be considered in a later 
chapter, it may be said in the conclusion of this discussion that 
the electric locomotive has accomplished thus far all that has 
been required of it, z.¢., to operate as satisfactorily as the steam 
locomotive under all conditions of service and to eliminate the 
disadvantages coincident with the smoke and dirt of the latter. 
It has also shown itself capable of accelerating more rapidly than 
its competitor, which particularly commends it where headway 
is short and stops are frequent. It can readily be designed for a 
drawbar pull far in excess of that of the largest steam locomotives. 
It has, therefore, found a permanent place in the electrification 
of terminals. Its future now seems to be one of further adapta- 
tion and adoption, although its depreciation and maintenance in 


comparison with the steam locomotive can hardly be intelligently 
compared at present. 


CHAPTER XXVIII 
ELECTRIFICATION SYSTEMS 


The problem to be discussed under the above caption is one 
that has received much attention during the past few years by 
steam- and electric-railroads officials, consulting engineers, 
and electrical manufacturing companies. It has been the target 
of much discussion before technical societies and in the technical 
press, at times involving rather heated criticisms based upon 
both accurate engineering data and the enthusiastic prophecies of 
more or less prejudiced engineers. To sift out the salient factors 
in the case and outline the present status of the problem in a few 
words becomes, therefore, a difficult task. 

Electric Systems.—The systems which have sufficient advan- 
tages and for which complete power-station, distribution, and 


rolling-stock equipment have been sufficiently developed to 


warrant consideration in this problem are the following: 
1. Direct-current system. 
2. Single-phase, alternating-current system. 
3. Three-phase, alternating-current system. 
4. Combined systems. ; 

The preceding systems of electrification, classified either as to 

kind of motors or as to kind of contact line used, are: 
1. Direct current. 
2. Single-phase alternating current. 
3. Three-phase alternating current. 

Most of the component parts of the above systems have been 
described in previous chapters. For convenience, however, in 
the study of this chapter a brief description of each system is 
here given. 

Direct-current System.—This system was the first one devel- 
oped. It is used on practically all city lines, most interurban 
lines, and on a large percentage of the trunk-line electrifications 
in this country. The contact-line voltages range from 500 to 
3,000 volts. The contact line, which may be either an overhead 
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trolley or a third rail, and its feeders receive energy from substa- 
tions located along the line. The motor cars and locomotives 
are equipped with direct-current series motors. 

Single-phase System.—LHither series or modified-repulsion, 
commutator-type, single-phase motors are used. Contact-line 
voltages range from 3,300 to 25,000 volts. The contact line 
receives energy from transformer substations located along the 
line. This system has been used only in interurban and trunk- . 
line service, the high contact-line voltages being considered too 
dangerous for operation on city streets. 

Three-phase System.—The locomotives are equipped with 
three-phase induction motors. Two overhead contact lines are 
used, the track rails forming the third conductor of the three- 
phase circuit. Transformers on the locomotive are used to lower 
the contact-line voltage to a value suitable for the motors where 
high contact-line voltages are used, although for voltages up to 
3,000 the transformers are often dispensed with. The contact 
lines receive their energy supply from transformer substations, 
as in the single-phase system. While the great majority of rail- 
ways now using electric motive power use either the direct-current 
or the single-phase systems, three phase locomotives with an 
aggregate rating of approximately 600,000 hp. are in use at the 
present time, chiefly on the mountain-grade railways of Italy. 

Combined Systems.—Several combined systems have been 
proposed. ‘The most important of these are the split-phase and 
motor-generator systems. In both of these systems a single- 
phase contact line is used, so that the distribution system is 
identical with that of the single-phase system. 

The locomotives in the split-phase system are equipped with 
three-phase motors and a phase converter for converting the single- 
phase energy received from the contact line to the three-phase 
energy required by the motors. 

This system, which is a recent development, has been adopted 
by the Norfolk & Western Ry. and the Virginian Rys. in their 
mountain-grade electrifications. 

The motor-generator system is being used.on the Detroit, 
Toledo & Ironton R. R., a portion of which is now being electri- 
fied. It is fundamentally a type of locomotive rather than a 
separate system of electrification. The same thing is largely 
true of the split-phase system. 
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Comparison of Systems.—The various systems will now be 
compared upon as nearly the same basis as possible. The pecu- 
liarities of each system, which may result in advantages or 
disadvantages depending upon local conditions in each installation, 
will be discussed in connection with the several determining and 
distinctive functions of the complete railway system. 

Power Station.—The present tendency is all in the direction of 
purchased power rather than the operation of power houses by 
the railway companies themselves. Experience has demonstrated 
that, by reason of better load factor and larger power units, the 
power companies can sell power to the electric railways at a lower 
rate than the railway companies can generate it in power houses 
of their own. Of course, this power is all generated in three- 
phase machinery. Where the railway requires a different 
number of phases or a different frequency, suitable conversion 
apparatus is necessary. This apparatus may be owned and oper- 
ated by either the power company or the railway company. The 
power station itself has, therefore, ceased to be a matter of perti- 
nent interest to the railway engineer. 

Transmission Lines.—No material difference exists between 
the systems in regard to transmission, so long as three-phase 
transmission is adopted. The costs of these lines for all systems 
are, therefore, practically identical. In the comparatively few 
installations where single-phase transmission might be adopted, 
the design and the construction of the line are simplified by the 
use of two wires in place of three, but for a given power trans- 
mitted and a fixed efficiency of transmission the cost of copper in 
the three-phase system is 25 per cent less. 

Substation.—One of the most marked variations in the systems 
is found in the design of the substation. As explained in 
the previous chapter, the direct-current system requires the 
installation of transformers, synchronous converters, or motor 
generators and switchboards in the substation, whereas 
the alternating-current systems call for the transformers and 
automatic-control switches only. This greatly reduces the 
first cost and maintenance in the latter systems. The elimin- 
ation of this converting equipment will be found, from 
the tables listed on page 451, to lower the first cost of a 
single-phase substation to 27 and 37.5 per cent of the 600- and 
1,200-volt substations, respectively, while the operating costs 
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are reduced, respectively, to 26.2 and 58.2 per cent of the direct- 
current substations. This is not clear gain on the part of the 
single-phase system, however, as it is partially balanced by the 
cost of rolling stock in the latter system. 

In the relatively few instances in which the increase in distri- 
bution voltage in the single-phase system is sufficient to permit 
the economical transmission for the entire length of the line 
at trolley potential, the substation cost and maintenance is not 
only entirely eliminated, but the step-up transformers at the 
power station may usually be eliminated as well and the switch- 
board considerably simplified in consequence. 

The first cost of the 1,200-volt, direct-current substation is 
but 73 per cent of the 600-volt station because of the lower cur- 
rent value necessary for the same output, thereby reducing the | 
size and cost of converters, cables, and switchboard. ; 

While the comparisons here made are based on the equipment 
of an interurban railway, the percentages given may be consid- 
ered as approximately representative of the values which would 
obtain for heavier service where proportionately higher voltages 
would be used. 

The substation cost per mile of track is somewhat higher for 
the three-phase system than for those systems using a single- 
phase contact line, for reasons which will be discussed in the — 
next article. 

Distribution System.—As would naturally be expected, the 
first cost of the distribution system decreases with increase of 
contact-line voltages, thereby favoring those systems in which 
high contact-line voltages are used, especially where the traffic is 
heavy. 

Commutation and insulation difficulties limit the voltage which 
may be used across motor terminals and, therefore, the contact- 
line voltage in the direct-current system. Since the contact- 
line voltages are necessarily low with this system, the distribution 
system is required to handle large currents, and in order that 
these large currents may be handled without excessive voltage 
drop, auxiliary lines or feeders are required. These lines com- 
plicate the overhead work and greatly increase the cost of the 
distribution system. Stray currents from the track return circuit 


may cause electrolysis troubles which are difficult and costly to 
mitigate. 
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High contact-line voltages are easily obtained and readily 
utilized in the systems employing a single-phase contact line. 
The overhead line construction is extremely simple, as feeders 
are usually not required. The transmission system and even the 
transformer substations may be omitted if the road is compara- 
tively short and the traffic is not too heavy. The distribution 
system efficiency is higher than with any of the other systems. 
Murray’ gives 97 per cent as the efficiency of the distribution 
system of the New York, New Haven & Hartford R. R. The 
operation of a single-phase circuit, one side of which is a grounded 
track rail, produces serious inductive disturbances in paralleling 
telephone and telegraph lines. These disturbances are usually 
even more difficult and costly to mitigate than the electrolysis 
troubles caused by the direct-current system. The impedance 
drop in the track rail becomes practically prohibitive if frequen- 
cies higher than 25 cycles are used. This objection to the use 
of the higher frequencies is very important, particularly where 
the railway company desires to purchase electrical energy 
from a commercial power company, since the generating equip- 
ment for commercial power and lighting purposes is becoming 
pretty well standardized at 60 cycles. 

The complicated overhead work necessary in the three-phase 
system constitutes a very important objection to that system. 
The difficulty of adequately insulating the complicated overhead 
structures limits the contact-line voltage which may be used to 
a comparatively low value. Consequently, the number of sub- 
stations, and, therefore, the substation cost per mile of track, are 
higher than for a single-phase contact line, although still much 
lower than for the direct-current system. Practically all of the 
objections which apply to the single-phase system also apply to 
this system. As a result, American engineers have not given it 
very much consideration. 

Of the two most practical systems of distribution, direct current 
and single-phase alternating current, the single-phase alternat- 
ing-current system permits the greatest interchangeability of 
rolling stock. This feature of interchangeability will be discussed 
further in connection with the article on rolling stock. 

Motors.—With the equipment of rolling stock, the pendulum 
of efficiency, first cost, and possibly of maintenance, swings In 

1 Trans. A. I. E. E., vol. 31, p. 154. 
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the other direction, favoring those systems using direct-current 
motors. 

Single-phase motors in their present stage of development are 
generally believed to be slightly inferior to the direct-current 
motor in efficiency and quick accelerating qualities for a given rat- 
ing. They are also considerably heavier for a given output, 
thus increasing the weight of car to be accelerated for a given 
traffic return. The above are general conclusions which will 
probably be conceded by both factions that have entered the 
rather extended controversy regarding the relative advantages 
and disadvantages of the single-phase motor for traction purposes. 
That this question if far from being decided is illustrated, how- 
ever, in the following discussions of the subject before the A. I. 
E. E., which have been quoted herein for the double purpose of 
pointing out the unsettled condition of single-phase motor devel- 
opment as well as illustrating the various details of design under 
question. 

Sprague points out the following differences between the single- 
phase and direct-current motors:! 


1. The input of current in one is continuous, in the other intermittent. 

2. One has a single frame, the electrical and mechanical parts being 
integral; the other has a laminated frame contained within an 
independent casing. Hence there is not equal rigidity, or equal use of 
metal. 

3. One has exposed and hence freely ventilated field coils; the other 
has field coils embedded in the field magnets. 

4. One has a large polar clearance, and consequently ample bearing 
wear; the other has an armature clearance of about only one-third as 
much, and hence limited bearing wear. 

5. One is operated with a high magnetic flux, and consequently high 
torque for given armature conductor current; the other has a weak field, 
and consequent lower armature torque. 

6. One has a moderate sized armature and commutator, and runs at a 
moderate speed; the other, with equal capacity, has a much larger 
diameter of armature and commutator, and runs at a much higher 
speed. 

7. One permits of a low gear reduction, and consequently a large 
gear pitch; the other requires a higher gear reduction, and a weaker gear 
pitch. 


1Spracue, Frank J., “Some Facts and Problems Bearing on Trunk Line 
Operation,” Trans, A. I. E. E., vol. 26. 
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8. The windings of one are subject to electrical strains of one char- 
acter; in those of the other the strains are of rapidly variable and alter- 
nating character. 

9. The mean torque of one is the corresponding maximum; the mean 
torque of the other is only about two-thirds of the maximum. 

10. The torque of one is of continuous character; that of the other is 
variable and pulsating, and changes from nothing to the maximum fifty 
times a second. 

11. One has two or four main poles only, two paths only in 
the armature, and two fixed sets of brushes; the other has four to four- 
teen poles, as many paths in the armature, leading to unbalancing, and 
as many movable sets of commutator brushes. 

12. One can maintain a high torque for a considerable time while 
standing still; the other is apt to burn out the coils, which are short 
circuited under the brushes. 

13. In one, all armature coil connections are made directly to the 
commutator; in the other, on the larger sizes resistances are introduced 
between the coils and every bar of the commutator, some of which are 
always in circuit, and the remainder always present. 

14. In one the sustained capacity for a given weight is within the 
reasonable requirements of construction; in the other it is only about 
half as much. 

15. Finally, the gearless type, with armature and field varying 
relatively to each other, is available for one, but this construction is 
denied to the other. 

Consideration, then, of the characteristics peculiar to each class of 
motor indicates not that the single-phase motor cannot be used, but that 
if adopted the weight or number, and the cost of locomotives or motors 
required to do the work must be much greater; that the depreciation of 
that which is in motion will be much higher; and that there will always be 
an excess weight of fixed amount per unit which must be carried irrespec- 
tive of the trailing or effective loads. We must, therefore, in many 
cases be led to the selection of the direct current motor, that motor which 
has the higher weight capacity, the greater endurance, and the lower cost 
per unit of power. 


In discussing this paper, Storer criticizes each point in turn as 
quoted below: 

1. “The input of current in one is continuous, in the other, inter- 
mittent.” Quite true, but the drawbar pull is quite as effective in one 
case as in the other. 

2. The direct current motor has a solid frame like the single-phase 
motor. It has, further, two or more laminated poles bolted in, and if 


1SrorerR, N. W., discussion of above paper, Trans. A. I. E. E., vol. 26. 
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the interpole construction is used has as many more relatively small and 
delicate poles. The alternating current motor as built by the company 
with which I am connected has, in all sizes up to a diameter of 38 in., 
field punchings made in a single piece and built up and keyed in the 
frame, making it as solid a construction as an armature on its spider. 
The claim for less rigidity in the single-phase motor is, therefore, not 
sustained. 

3. ‘One has exposed and hence freely ventilated field coils; the other 
has field coils embedded in the field magnets.” It is known to most 
motor designers that coils in contact with iron will dissipate heat much 
faster than when in the open air. This is especially true of coils in an 
enclosed motor. I have repeatedly noticed that motor field coils which 
have been removed on account of roasting have shown the insulation in 
contact with the pole pieces to be in good condition, while other sides 
were badly roasted. I know, therefore, that, in respect to ventilation of 
field coils, the single-phase motor is superior to the direct current motor. — 
Smaller cross section of coils also allows the heat to be radiated better 
in single-phase motors, and the fact that a large part of the loss in the 
motor is concentrated in the field iron will enable the motor to dissipate 
a much larger amount of heat for a given temperature rise than will a 
direct current motor. 

4. Concerning ‘polar clearances.”” Many thousands of direct current 
motors are to-day in operation with a clearance of 1¢ to 34 in. between 
poles and armatures, and in practically all cases where more than 
3{¢ in. clearance is used it is for electrical reasons. Further, while 
the smaller air gap used for single-phase motors was at first much feared, 
the fears have proved to be without foundation and the present clear- 
ances of from 0.1 to 0.15 in. have proved to be ample and fully as good 
as 0.15 to 0.25 in. in direct current motors, because there is no 
unbalanced magnetic pull. 

5. Concerning “torque.” The torque of an armature is the pull it 
will exert at 1-ft. radius. Therefore, it makes no difference in the result 
whether it is obtained with large flux and few armature conductors, or 
vice versa, 

6. “A much larger diameter of armature and commutator, runs at a 
much higher speed.” This is a very general statement; what are the © 
facts? The armature diameters ordinarily run from 5 to 15 per cent 
larger than for direct current motors of corresponding output. It is 
undoubtedly true that the armature speeds of the earlier single-phase 
motors were much higher than the speeds of corresponding direct-current 
motors; at the present time, however, the speed at the nominal rating of 
the motor is practically the same as that of direct current motors, and 


the maximum operating armature speeds are within the safe limits set 
for direct current motors. 
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7. Concerning ‘gear reduction and gear pitch.” The gear reduction 
depends, of course, upon the speed; and as far as gear pitch is concerned, 
I wish to say that the same gear pitch is used for single-phase motors as 
for direct current motors of the same capacity. 

8. “The windings of one are subject to electrical strains of one 
character; in those of the other the strains are of rapidly variable and 
alternating character.” No conclusion is drawn from this. It may be 
of interest to know that there have been a number of instances where 
the single-phase motor has broken down in service on a direct current 
section of the line, necessitating cutting it out of the circuit; but when the 
car reached the alternating current section of the line it has been again 
connected in circuit and operated satisfactorily, thus indicating that the 
electrical strains with alternating current are less severe than with direct 
current. 

9 and 10. Concerning the “‘ variable torque of the single-phase motor.” 
No comment is made as to the relative merits of uniform or pulsating 
torque. In a recent discussion before the Institute, Mr. Porter called 
attention to certain characteristics of the torque exerted by an alternat- 
ing current motor, especially when it reaches the slipping point of the 
wheels. It was stated that there is an apparent advantage in the pul- 
sating torque, because, when the motor starts to slip it does not immedi- 
ately decrease its mean torque, as is done in the case of the direct current 
motor, but slips in a series of jerks, apparently regaining the hold on the 
rail at every pulsation. 

11. Concerning the ‘‘number of poles.”” The paper states that the 
direct current motor has “‘two or four main poles only.” No direct 
current motors built in the last 15 years except those on the New York 
Central locomotives have less than four poles. The paper states that the 
alternating current motor has ‘‘eight to fourteen poles.” The single- 
phase motors built by the company with which I am connected have 
four poles for all sizes up to and including 125 hp. The largest single- 
phase motor thus far built has a capacity of 500 hp. It has but 12 poles. 

12. Concerning ‘‘a high torque while standing still.” As we 
understand the matter, railway motors are designed to move atrain 
rather than to hold it at rest. At the same time we know that the single- 
phase motor is amply protected against mistakes of motormen in leaving 
the current on the motor for a half-minute or so with brakes set. 

13. Concerning “resistance in commutator leads.” It is well known 
that the resistance leads used in single-phase armatures are for the pur- 
pose of reducing to a minimum the loss due to the transformer action in the 
short circuited coil. Their presence is fully justified and the efficiency is 
higher than it would be if they were not used. 

14. This refers to relative weights concerning which I shall have 


something to say farther on. 
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15. On this point I agree absolutely with the author. There is one 
type of construction to which the single-phase motor is not adapted. 


This is so far employed in only a single case. 
3 a ee 


Alternating Alternating 
Per cent of full Direct current current, 25 Direct current current, 15 
load torque 90 hp. motor cycle, 100 hp. 200 hp. motor cycle, 200 hp. 
motor motor 
125 86.25 82.0 88.8 87.3 
100 86.8 85.0 89.0 88.0 
80 87.0 86.0 89.2 88.3 
60 86.5 86.8 88.8 aya 
40 85.0 86.0 87.0 85.0 
25 §2.0 82.5 84.0 82 0 


More or less is said in the paper concerning the lower efficiency of 
the single-phase motor, and inference might be drawn that it is about 10 
per cent lower than that of the corresponding direct current motor. 
Just to show what modern motors are capable of doing, I give above in 
parallel columns the efficiencies of corresponding sizes of direct and 
alternating current motors at different percentages of their full load 
torque. 


Referring to the 1,200-volt, direct-current system for interurban 
service, the motors are similar to the 600-volt type which has 
been well standardized. Upon the city systems they operate as 
standard 600-volt equipment connected in parallel for full speed, 
while upon the 1,200-volt trolley they are connected two in series 
for full-speed operation. Where only half-speed operation is 
required within the city limits, 1,200-volt motors similar to the 
600-volt type are used, the current capacity, of course, being less 
for a given car and extra insulation being provided for the higher 
voltage. 

A number of interurban roads, whose contact-line voltages 
range from 1,200 to 1,500 volts, have been in operation for several — 
years and the equipment for these voltages has become pretty 
well standardized. Motors designed for 1,200 to 1,500 volts 
and connected two in series for operation in connection with 
contact lines whose voltages range from 2,400 to 3,000 volts have 
not been tried out to the extent that the lower voltage equipment 
has, but those now in service are apparently not giving much 
more trouble than is experienced in the operation of 600-volt 
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equipment. The increased insulation necessary for successful 
operation on the higher voltages increases the size, weight, and 
cost of the motors, thus diminishing to a certain extent some 
of the advantages direct-current motors are assumed to have over 
single-phase commutator motors. 

In the matters of electrical efficiency, simplicity, and rugged- 
ness, three-phase motors rank first. They are lighter in weight 
and for a given amount of space have greater continuous output 
than any other form of motor. All three-phase motors now 
used in, railway service are of the induction type and, therefore, 
have shunt-type motor characteristics. They operate at approxi- 
mately constant speed for all conditions of load. This feature is 
of value where high schedule speeds must be maintained over 
roadway which has comparatively short, heavy grades. Viewed 
from the standpoint of the power plant, however, this feature is 
objectionable because of the peak loads imposed upon the plant 
when heavy trains are being hauled at high speed over the grades. 
The motors act as generators if operated slightly above their 
synchronous speed, thus permitting regenerative braking on the 
down grades. Their starting characteristics are inferior to those 
possessed by series-type motors and, therefore, they are not so 
well adapted for use in a service where the number of stops per 
mile is large. This, and the fact that small inequalities in 
drive-wheel diameters result in serious overloads on the motors 
geared to the wheels with the larger diameters, practically pre- 
cludes the use of this type of motor for all classes of service except 
that of long-haul, locomotive-drawn trains. 

Rolling Stock.—Two classes of rolling stock, namely, motor 
cars and locomotives, will be compared. 

The added weight and the lower acceleration for a given capac- 
ity of motor are not the only disadvantages of the single-phase, 
alternating-current system from the standpoint of motor-car 
rolling stock. As has been pointed out, it is often desirable that 
cars equipped for alternating-current service be able to enter 
cities upon direct current. -While the alternating-current, single- 
phase series motor makes an excellent direct-current motor, the 
control equipment for use upon either system is at best rather 
complicated and its first cost, weight, and maintenance relatively 
high. The added complication of this combined control is at 
once obvious if a comparison be made of Figs. 184 and 190 (pages 
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366 and 374), while the tables in the following section, First Cost, 
Maintenance, and Operating Expense, prove the rolling stock 
thus equipped to cost 28 per cent more, with a probable mainte- 
nance charge of 49 per cent more, than the 600-volt, direct- 
current equipment. 

Since the three-phase and split-phase systems make use of 
three-phase motors, they are not very well suited for motor-car 
operation. 

In the matter of locomotive weights, there seems to be little 
difference between the direct-current and the three-phase systems. 
Single-phase, split-phase, and motor-generator locomotives are 
somewhat heavier, although the differences are not great. Inas- 
much as it is sometimes necessary to ballast electric locomotives 
in order to get sufficient adhesive weight, the slightly greater 
inherent weights of the single-phase and split-phase locomotives 
are not so much of a disadvantage as they might seem on first 
thought. 

As regards flexibility, single-phase and motor-generator rolling 
stock rank highest, since they may be used with any kind of a 
distribution system. When used with the direct-current distri- 
bution system, however, additional control equipment must be 
provided. Since the voltage over the motors in these two sys- 
tems may be varied by means of adjustable ratio transformers or 
other efficient methods, the control losses are minimum and a 
large number of efficient running speeds are possible. 

Alternating-current rolling stock costs more and has higher 
maintenance charges than direct-current rolling stock. Also as 
regards reliability, published reports indicate that the direct- 
current rolling stock has the advantage, although on account of 
the widely different operating conditions which exist on the differ- 
ent roads, fair comparisons are hard to make. Some data on ~ 
the reliability of electric motive power are given in the next 
chapter. 

Power Factor.—One of the disadvantages of the alternating- 
current systems is the low, uncontrollable power factor. The 
direct-current system has no apparatus on the car or between 
the car and the converters which can lower the power factor and 
its converters may even permit the power factor of the trans- 
mission line to be raised. The alternating-current systems which 
have no synchronous converting apparatus offer no means of 
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power-factor control, while the power factor is lowered still 
further beyond the substation by car motors, transformer, steel 
messenger or trolley, if used, and rails. 
means higher proportional current for a given capacity with 
increased first cost of equipment and percentage losses. 

First Cost, Maintenance, and Operating Expense.—The rela- 
tive merits of the direct-current and single-phase systems for inter- 


A fewer power factor 


Taste XLI.—Comparative Cost per Mine Sinate TRACK 


D.c. 600 v. D.c. 1,200 v. A.c. 6,600 v. 

Roadbed complete, including grad- 
mes ballasting.etessc.e. eis. $15,000 $15,000 $15,000 
Trolley and feeder installed........ 3,800 3,000 2,100 
PECACKDONGING acise ie ses cee cite <- 600 530 480 
Transmission line installed........ : 1,500 1,500 1,300 
Substation installed............... 2,200 1,600 600 
Power station installed............ 2,450 2,450 2,570 
Cars and equipment.............. 1,800 1,970 2,300 
BDelanmnowe dec). vehets ce crete odes 2 120 120 120 
$27,470 $26,170 $24,470 
aM OVER OOO LVOLLSIG:C.2 <a 0» <ias no. vee o3 1,300 3,000 


Taste XLII.—ReEwativeE OPERATING Cost PER MILE SINGLE TRACK PER 
ANNUM 
(One hour headway) 


Cartmilesiper:day.. gen. «+ ¢>0-< +20 
Kw.-hrs. per day at power house... 
Cost of coal per annum............ 
Cost of substation attendance...... 
Maintenance of motors and control. 


Saving over 600 volts direct current 


| D.e. 600 v. 


exclusive of fixed charges........].---++--++- 
Saving in fixed charges..........--|.--+++-0++: 


Wotal annual sayan—e.. 2.0. -- ve s|se ogee + = 


D.c. 1,200 v. 


A.c. 6,600 v. 


64 
245 
$419 
46 
140 


ee re 
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urban service from the standpoint of first cost, maintenance, and 
operating expenses can best be illustrated by means of Tables 
XLI and XLII taken from a very able discussion of the subject 
before the A. I. E. E. by W. J. Davis, Jr. 

The above comparative costs are based upon the following 
data: 

Length of road, 50 miles or more. 

Cars, 52 ft. overall, weighing 21 tons without equipment or 
load and seating 56 passengers. 

Car equipment, four 75-hp. motors. 

Maximum speed on tangent level track, 45 m.p.h. 

Schedule speed, 24 m.p.h., including stops and slow running 
through towns. 

Headway, maximum service, 14 hr. 

Frequency of stops, one in 2 miles. 

Average energy, 85 watt-hr. per ton-mile at car. 


D.c. 600 v. D.c. 1,200 v. | A.c. 6,600 v. 
Spacing of substations............. 10 miles 22 miles 32 miles 
Maximum trolley voltage drop..... 25 per cent | 25 per cent | 10 per cent 
Efficiency, generator bus bars to 
CATS oon. uaieanie een ontario ente 71 per cent | 71 per cent | 84 per cent 
Average efficiency car equipment...| 75 per cent | 75 per cent | 73 per cent 
Average power factor of system... .| 96 per cent | 96 per cent | 85 per cent 


Several steam railways in the United States have electrified cer- 
tain sections of their lines, yet very little authentic detailed cost 
data have been published. In some cases steam locomotives 
still operate over certain portions of the electrified sections, 
making it almost impossible to segregate operating costs. Many 
of the installations have been more or less experimental and their 
first costs contain heavy development charges. A study of 
the scattered data relative to American railways which have 
been published indicates that: 

1. The energy costs for the various systems are not far from 
equal, favoring if anything the alternating-current systems. 


1 Davis, Jr, W. J., ‘“High-voltage Direct-current and Alternating- 
current Systems for Interurban Railways,” Trans. A. I. E. E., vol. 26. 
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2. In the direct-current system a large portion of the installa- 
tion cost is in the feeder system and converting apparatus, and 
substation maintenance and attendance expenses are important 
items in the list of operating expenses. 

3. The locomotive first costs and maintenance for the single- 
phase system are higher than for the direct-current system. 

4, The first cost of the single-phase system is from 5 to 15 
per cent less than that of the direct-current system. 

5. The operating expenses for the two principal systems, 
single phase and direct current, are approximately the same. 

Operating conditions in Europe are different than in America, 
nevertheless it is interesting to note that the Swiss Railway 
Commission, in their report to the administrative council of the 
Swiss Federal States Railway, made early in 1914, recommended 
the installation of a 10,000-volt, 15-cycle, single-phase system. 
The Commission, which was composed of eminent engineers, 
after an exhaustive study which extended over a period of 5 
years and in which consideration was given to direct current 
with the contact-line voltages up to 3,000, three phase up to 8,000, 
and single phase up to 15,000 volts, concluded that, both from 
the technical and the economic points of view, the recommended 
system was best adapted to the particular needs of the Swiss 
State Railways. They found that the ultimate first costs of the 
systems were approximately the same, that locomotives of ade- 
quate power could be obtained with any of the systems above 
named, and gave preference to the single-phase system on the 
ground of its greater flexibility. Commissions for the Prussian, 
Bavarian, Austrian, and Swedish governments have turned in 
very similar reports. It seems, therefore, that in continental 
Europe, Italy excepted, the single-phase system is likely to 
become pretty well standardized. 

The present tendency everywhere is toward the use of higher 
contact-line voltages. ‘This is markedly true for the direct-cur- 
rent system, in which voltages proposed for use today are five 
times the values used a decade ago. Single-phase, alternating- 
current apparatus has been greatly improved during the last few 
years and the introduction of the various combined systems 
has tended to broaden the field of the single-phase contact line. 
Most electrical engineers agree that no one electric system is 
best adapted to all classes of service and they disagree most 
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markedly as to the type of system which should be used for any 
given set of operating conditions. The fact remains, however, 
that any one of the systems will do the work of any railway in 
a very satisfactory manner. The need of standardization is 
urgent, for if the electrified terminal and tunnel divisions of trunk 
lines expand to the point where they desire to merge and exchange 
equipment to give through service over several roads, the use of 
600-volt, direct-current third rail by one railway, of high-volt- 
age alternating current by a second, of three-phase by a third, 
of high-voltage direct current by a fourth will result in a situation 
fully as serious as the attempted combination years ago of roads 
of different track gages and of cars with and without standard 
air-brake equipment. George Westinghouse did not sound the 
warning of standardization any too early, therefore, in his paper 
before the joint meeting of the A. S. M. E. and the British 
Institution of Mechanical Engineers, held at London in 1910, 
when he said: 


For the present it may be a matter of little moment whether different 
systems have their contact conductors in the same position, or whether 
the character of the current used is the same or different. As previously 
stated, in the early days of railroading it was of little consequence 
whether the tracks of the different systems in various parts of 
the country were alike or unlike, but later it did make a vital difference 
and the variation resulted in financial burdens which even yet lie heavily 
on some railways. It is this large view into the future of electrical 
service which should be taken by those responsible for electrical-railway 
development. 


CHAPTER XXIX 
ELECTRIC TRACTION ON TRUNK LINES 


A study of Table XLIII, in which are listed the more important 
steam-railway electrifications, indicates that in the earlier elec- 
trifications electric motive power was adopted to meet special 
requirements or to solve peculiar problems in traction, such as 
the necessity of increased service in large terminals, avoidance 
of smoke in tunnels, increase in safety of operation, and increase 
in track capacity on mountain grades, but that in later electri- 
fications economy of operation has been one of the chief reasons. 

Probably, the two paramount questions in the minds of steam- 
railroad directors in connection with this problem are: 

1. Can the service be improved with electric traction? 

2. What will it cost to change and to operate and maintain the 
new system when installed? 

While it seems advisable to consider these questions more in 
detail subsequently, a few of the minor advantages of electric 
traction which are involved in the first question of possible 
improved service will be first considered. The outline which 
forms the basis of the following brief discussion on these advan- 
tages is one presented in great detail in the very valuable paper 
by Stillwell and Putnam before the A. 1. E. HE. 

The factors which contribute to the earning power of the elec- 
trified road to a greater extent than the steam railroad are: 


Frequency of service. 
Speed. 
Comfort of passengers. 
Safety. 
Reliability of service. 
Increased capacity of line. 
Frequency of stops. 
. Convenient establishment of feeder lines. 
-1§71LLWELL, Lewis B. and Purnam, Henry Sr. Crarr, “On the Sub- 
stitution of the Electric Motor for the Steam Locomotive,” Trans. A. I. E 


E., vol. 26. 
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Frequency of Service.—Experience with high-speed interurban 
lines paralleling steam lines, but offering much more frequent 
service, leads to the conclusion that frequent service creates 
traffic and, therefore, increasesearning power. Thefrequentserv- 
ice offered by an electrified system is usually impractical with 
steam operation. 

Speed.—Higher average speeds are possible and a 5 in 
electric service for four principal reasons: 

1. The absence of reciprocating parts reduces the danger of 
the locomotive leaving the track. 

2. The absence of reciprocating parts reduces the maintenance 
of the track and the liability of broken rails. 

3. The more rapid acceleration permits higher average speed 
with the same number of stops, or more stops with the same 
schedule speed. 

4. For heavy trains requiring two locomotives, high speeds 
can be maintained by means of the multiple-unit control system. 
This is unsafe with two steam locomotives, as both engines can- 
not be controlled by a single engineman. 

Higher speeds can be maintained over mountain grades with 
electric locomotives than can be maintained with steam loco- 
motives. On ascending grades, the speed at which a steam 
locomotive can haul a given weight of train is limited by its 
boiler capacity and by the fact that a great deal of power is 
required to haul the heavy locomotive itself when it is operated at 
high speed on a heavy up grade. On the other hand, exceedingly 
powerful motors can be mounted on a comparatively light electric 
locomotive. These motors can carry large overloads for short 
periods of time and they receive their energy supply from a large 
power station. On down grades regenerative braking is possible, 
thus permitting the air brakes to be reserved for emergency serv- 
ice and higher speeds to be used with safety. 

Comfort of Passengers.—The general comfort of passengers is 
greatly enhanced by the following features of electric traction: 

1. Elimination of smoke and cinders. 

2. Improved ventilation, because of the absence of smoke and 
cinders. 

3. Easily controlled car heating. 

Safety.—Several very notable elements of danger which are - 
present in steam traction are eliminated when electric motive 
power is used. 
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1. The results of the absence of reciprocating parts which per- 
mit higher speeds to be maintained, as outlined under Speed, also 
reduce the probability of accident. 

2. The absence of the intense fire of the locomotive reduces the 
probability of fire in the wreckage. 

3. The elimination of hot water and steam in locomotive and 
heating system reduces the dangers often resulting from such 
sources. 

4. The absence of smoke and steam prevents errors in reading 
signals from these causes. 

5. The presence of a source of electrical power along the road- 
way and the necessary employment of electrically trained mainte- 
nance crews should decrease the first cost and maintenance, and 
therefore increase the use of automatic block signals. 

6. The locomotive driver can give his entire attention to driv- 
ing; he is not required to engineer a large steam power plant. 
His seat can be so located that both sides of the track are in full 
view at all times. 

As has been noted under a preceding caption, regenerative brak- 
ing is possible, and since the air brakes then are used only in 
stopping the train, car wheels and brake shoes are not heated by 
long-continued applications of the brakes while the train is descend- 
ing a heavy grade. The number of wrecks due to broken 
wheels cracked by such heating is thus reduced. 

Excessive wheel loads, which are common causes of track fail- 
ure, can be avoided. Fire risks on property adjoining the right- 
of-way are decreased and there are no stray sparks to cause 
prairie or forest fires. 

It must be remembered, however, that in contrast to these 
advantages, the electrical-distribution system, especially the 
third rail, offers a danger not present in steam-railroad opera- 
tion. Whereas the third rail may be protected, thereby reducing 
the danger under normal operation to a minimum, such protec- 
tion would avail little in the case of a wreck. Under these cir- 
cumstances the automatic circuit breakers must be relied upon 
to disconnect the section from the source of supply before serious 
physiological effects are produced or fires started in the wreckage. 

Reliability of Service.—Comparison of the train delays from 
all causes, both electrical and mechanical, before and after 
electrification upon the few roads which have been operating 
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sufficiently long by electricity to guarantee dependable results, 
points to the conclusion that the service is more reliable after 
electrification than before. 

For example, upon the Manhattan division of the Interborough 
Rapid Transit system of New York after electrification, the delay 
during the most severe months of the year for the exposed third- 
rail system was but 72 per cent of that under steam operation, 
expressed in train-minutes, although an increased car mileage of 
37 per cent was maintained with the electric service. 

Upon the electrified section of the New York, New Haven & 
Hartford R. R. during the heaviest traffic day of the year, occa- 
sioned by the annual football game at New Haven, 128 regular 
trains and 30 special trains were operated between New York 
and New Haven in 1908 with but two delays totaling 17 min., 
while, in 1909, 155 trains were run with no delays whatever. 

The following table! compares the total delayed time on the 
Butte, Anaconda & Pacific Ry. for the month of June, 19138, 
steam operation, with the month of June, 1914, electrical 
operation: 


Taste XLIV.—Comparison oF TRAIN DeELays 


Number of | 


Saath | Total delay Grand total 
| 
| Freight Pass. 
Freight | Pass. -—————————— Hr Min 
| | | Hr. | Min. Hr. | Min. 
1913 SPV aea| Ve: | 497 | 34 20 46 518 10 
1914 280 280 | 296 | 28 7 10 301 38 
Per cent decrease. .| 21.57 /2.94¢| 40.4 | 75.12 41,78 


see 


2 Increase, 


On the Chicago, Milwaukee & St. Paul Ry., it is reported that 
with electric operation delays on account of extra-heavy trains 
are only one-ninth? as great as with steam and that, in general, 
electric operation is much more reliable than steam operation. 

1 Abstracted from Cox, J. B., “The Electrical Operation of the Butte, 


Anaconda & Pacific Ry.,” Prana A. I, E. E., November, 1914. 
* Benuwkes, New York Railroad Club, 1917. 
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For the year 1912 the average locomotive mileage per train 
detention chargeable against motive power on the electrified 
division of the New York Central & Hudson River R. R. was 
48,271 miles, and the maximum mileage made by any one 
locomotive without detention was 249,423 miles.1_ A comparison 
of many published reports indicates that, on the average, train 
detentions chargeable against motive power with electric opera- 
tion are only about 50 per cent of the number occurring with 
steam operation. 

Increased Capacity of Line—One of the marked advantages 
of electric traction is its large tractive effort for a given size and 
weight of equipment. While this feature is pronounced in the 
electric locomotive because of the elimination of the tender and 
the possible use of such a design as to throw practically all the 
weight of the locomotive upon the drivers, the effect is still more 
marked if motor cars be used, thus making practically the entire 
weight of train available for tractive effort between wheels and 
track. With this relatively great tractive effort much higher 
rates of acceleration are possible, which, in turn, permit smaller 
headway between trains and increased traffic capacity for a given 
track. 

This is of particular value upon heavy grades of the single-track 
roads of the West, where electrification permits so great an 
increase in traffic over an existing single track that it obviates the 
necessity of double tracking the road for some time to come. 
In this case the cost of electrification may be balanced directly 
against the cost of a second track, which in the mountains of the 
West becomes a formidable figure. 

In tunnels, the capacity of the track is increased because no 
time interval between trains is required for tunnel ventilation. 
With steam locomotives the vitiated air so affects the operation 
of the furnace that the locomotive capacity is often consider- 
ably reduced. 

Further, the length of freight trains using the steam locomo- 
tive is limited by the strength of the draft gear. With the use 
of two or more electric locomotives at the head of a train, or if 
the limit of the draft gear is reached, possibly the introduction of 
several locomotives throughout the length of the train, all oper- 
ated by means of the multiple-unit control from the leading 

1 QupREAU, in Proc. Ry. Master Mech. Assoc., 1913. 
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engine, will probably make possible a greatly increased freight 
trafic over a given road, thus increasing the freight as well as 
the passenger capacity of the line. 

In a steam-railway electrification the increase in track capacity 
will, of course, depend greatly on operating conditions. Most 
of the present electrifications are but short sections of line 
and the electric motive power is restricted by having to meet 
the requirements of steam operation on the balance of the road. 
With complete electric operation better results may be expected 
than are now usually obtained. Despite this condition the 
increase in track capacity resulting from electrification ranges 
from 50 to 100 per cent. 

Frequency of Stops.—The ability of the electrically operated 
train to make more frequent stops and thus better accommodate 
the riding public without reducing the schedule from that of 
the steam road has already been explained. 

In addition to the above advantage, in some instances it is 
possible to interconnect the local railway system with the elec- 
trified road in such a way as to transport passengers more nearly 
to their destination without change. 

Both of the above features tend to increase the traffic and 
resulting earnings of the road. 

Convenient Establishment of Feeder Lines.— With the reduced 
cost of power possible with an electrified trunk line, short branches 
of present steam roads or existing suburban or interurban 
lines may be operated electrically much more economically than 
at present. The large and efficient organization of the trunk- 
line system also adds materially to this possibility. These short 
branch roads then become valuable feeders to the through trunk 
line. 

Still further economy and convenience to passengers in such 
branch-line operation may often be brought about by adding 
branch-line motor cars to the through train at junction points, 
operating the entire train thus made up by the multiple-unit 
system. 

Improvement of Service.—It is believed that the first question 
to be asked by the directors of a steam road, to which reference 
was made early in the chapter, has been satisfactorily answered 
by the above improvements in the service, which have been 
shown to be possible upon electrified roads. 
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The factors, adaptability to service, possibility of increased 
drawbar pull, and more rapid acceleration, should, however, 
have more detailed analysis, for it is largely with regard to these 
features that service may be improved and earnings increased, 
and, therefore, it is these features to which the present steam 
railroad officials look at a time when service can no longer be 
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TI'1g. 241.—Locomotive speed-tractive effort curves. 


increased with present locomotives, since the latter have practi- 
cally reached their maximum size and efficiency. 

Tractive Effort and Drawbar Pull—In Fig. 241 are plotted 
the speed-tractive-effort curves for several modern steam and 
electric freight locomotives. The weight of the tender is included 
in the steam-locomotive weights and all of the electric locomotives 
are double-unit machines. The data, from which the curve 
for the steam Mallet was plotted, were taken in the course of 
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some tests by the Southern Pacific Ry. on one of its largest oil- 
burning locomotives.1_ The curve for the Mikado-type locomotive 
was calculated from the dimensions of a typical locomotive of that 
type as built in the year 1913. The single-phase locomotive 
units are of the type used by the New York, New Haven & Hart- 
ford R. R. for mixed service and are geared for higher speeds 
than are usually practicable in heavy mountain freight service. 
The three-phase units are of the type used by the Great Northern 
Ry. in its Cascade tunnel electrification and the direct-current 
units are the Butte, Anaconda & Pacific, type which were 
described in Chap. X XVII. 

The three-phase locomotive has but one running notch on the 
controller; the direct current has two, and the single-phase, with 
its adjustable-ratio transformer control, has thirteen. The single- 
phase locomotive can, therefore, economically exert its rated 
tractive effort through a very wide range of speeds. The curves 
for the steam locomotives are for the condition of maximum con- 
tinuous boiler output with boiler new and clean. As the tubes 
and other heating surfaces quickly become fouled in service, 
the curves for average working conditions would show lower 
tractive efforts. Leaky tubes also seriously affect the boiler’s 
capacity and it seems to be a difficult matter to keep the tubes 
perfectly tight on account of the high furnace temperatures used 
in the operation of modern boilers. 

The points marked C and “1 Hr.” on the electric-locomotive 
curves indicate the continuous and 1-hr. ratings, respectively. 
The Mallet, direct-current, and three-phase locomotives are low- 
speed machines designed for hauling heavy trains over mountain 
divisions. On account of the numerous sharp curves it is 
impracticable to operate heavy trains at higher speeds over these 
divisions. 

A study of the curves leads to the conclusions: 

1. The curves for the electric locomotives are more nearly 
horizontal than those of the steam locomotives. The physical 
significance of this is that a change in the drawbar pull of a 
steam locomotive is accompanied by a much greater change in 
speed than a similar change causes in the speed of an electric 
locomotive. Roughly classified, electric locomotives are con- 
stant-speed machines. 

1 Ry. Age Gaz., Jan. 14, 1910. 
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2. For a given weight of locomotive the starting tractive effort 
of the electric locomotive is much higher than that of its steam 
competitor. 

3. The electric locomotive can exert a tractive effort up to 
the limit fixed by adhesion when running at a comparatively high 
speed. 

By reason of its constant-speed characteristics and its light 
weight for a given tonnage rating, the electric locomotive main- 
tains its speed while ascending grades much better than does the. 
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steam locomotive. Uniformity of speed tends to simplify train 
schedules, reduce the danger of collision, and increase the capac- 
ity of the track. Where the profile of the road is undulating, a 
short heavy grade often fixes the tonnage rating of a steam loco- 
motive. The electric locomotive, by reason of its ability to 
carry large overloads for short periods of time, is not 80 badly 
handicapped in this respect. It is not only able to start its train 
on a, heavy grade, but it is also able to carry it over the grade at 
nearly rated speed. On the other hand, the steam locomotive 
maintains its tractive effort over a wide speed range much better 
than does the electric, and thus enables the same locomotive to. 
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be used successfully in hauling trains whose scheduled speeds are 
widely different. : 

Figure 242 shows the effect of grades on the drawbar pulls 
of the three locomotives which are shown in Fig. 241 as having 
practically the same speed when exerting a tractive effort of 
60,000 lb. On account of its great weight, the drawbar pull of 
the steam locomotive decreases very rapidly as the per cent 


40 


; -160 Ton Direct Current Locomotive 
30 i - 230 Ton Three Phase Locomotive 

- 305 Ton Steam Mallet Locomotive 

- 226 Ton Steam Mikado Locomotive 


- 220 Ton Single Phase Locomotive 


to 
or 


Miles per Hour 
8s 


oO 


10 


5 10 15 20 25 30 
Trailing Tons, Hundreds 


I'1a. 243.—Locomotive tonnage ratings. 


grade increases. On a 3 per cent grade the drawbar pull of the 
electric locomotive is 35 per cent greater than that of the Mallet. 
Tonnage Ratings and Service Capacities.—The tonnage rat- 
ings, on a 1} per cent grade, at various speeds of the locomotives 
whose speed-tractive-effort curves were given in Fig. 241 are 
plotted in Fig. 243. The points C and “1 Hr.” have the same 
significance as in Fig. 241. Tonnages lower than the continuous 
rating may, of course, be hauled continuously, but tonnages 
higher than the 1-hr. rating can be hauled only for a short time. 
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The continuous tonnage rating of the 160-ton, direct-current 
electric locomotive is practically equal to that of the 305-ton 
Mallet at 16 m.p.h. The thing of most interest to the operating 
man, however, should be not the tonnage which can be hauled by 
a single locomotive, but rather the service capacity or the number 
of ton-miles per hour which the locomotive can haul over a given 
track. The service capacity may be calculated by the equation 
running time 

total time — 
The service capacities, on a 114 per cent grade, of the locomotives 


Service capacity = Tonnage X miles per hour X 
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under discussion have been plotted in Fig. 244. The ratio of 
running time to total time is affected by a great many factors, 
most of which are more or less variable, so that only an average 
ratio can be determined for a given road. The ratios here used, 
80 ‘for steam and 849 for electric, are probably high for many 
roads, but are the values found to obtain approximately in at 
least one electrification study. 
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It will be seen from the figure that the curves for the two kinds 
of locomotives are very different. The curves for the steam 
locomotives reach maximum values at definite values of speed, 
while those of the electric locomotives have no definite maximum 
values except those fixed by the ratings of the respective locomo- 
tives. The same statement may be made regarding the tonnage 
rating curves in Fig. 243. The service capacity of the Mallet is 
greatest at a speed of about 12!4 m.p.h. and at this speed it has 
only about three-fourths of the continuous capacity of 160-ton 
electric locomotive. 

The curves for the direct-current and single-phase locomotives 
are plotted for the operating conditions which obtain when the 
controller handles are in the last running notch. It will beremem- 
bered that the single-phase locomotive has twelve and the direct- 
current one other running notch. Curves for the lower-speed 
notches will be located to the left and downward from the curves 
here given. The locus of the continuous-rating point C of the 
single-phase locomotives is the line AC. The intersection of AC. 
and the curve for the Mikado locomotive gives the speed at which 
these two locomotives, which have about the same weight, have 
the same service capacity. If the gear ratio, drive-wheel diam- 
eter, and rated motor speed of the single-phase locomotive had 
been the same as those of the direct-current locomotive, their 
service-capacity curves would be approximately coincident. 
If, therefore, it is desired to change the speed at which an elec- 
tric locomotive has its maximum continuous-service capacity, 
it may be readily done (within certain limits) by changing the 
gear ratio of the locomotive. 

Accelerating Qualities ——The ability of the electric locomotive 
to accelerate a train quickly is well illustrated in Fig. 245. These 
curves were calculated for a trailing load of 750 tons, consisting 
of seven steel Pullman cars, three steel coaches, and two baggage 
or express cars, ascending a 14 per cent grade. The locomotives 
used are among the latest and most powerful of their respective 
types. The curves show that the electrically hauled train is 
pretty well up to the balancing speed in 100 sec. and practically 
reaches that speed in 200 sec. 

The Pacific-type steam locomotive has approximately the 
same balancing speed but does not reach it until about 900 sec. 
after starting. The Atlantic-type locomotive balances at a lower 
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speed and does not accelerate as rapidly as the heavier Pacific 
type. The curves show clearly the great advantages possessed 
by electric locomotives when operating in a service which requires 
a large number of stops. 

A most inspiring and graphic demonstration of the ability of 
the New York Central locomotive, particularly in rapid accelera- 
tion, was the often-quoted test carried out in 1904 on the New 
York Central R. R. when electric locomotive No. 6000, drawing 
eight Pullman coaches with a total train weight of 478.5 tons, 
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Fig. 245.—Passenger train speed-time curves (750 trailing tons on }4 per cent 
grade). 


after reaching the same speed as the New York Central fast 
express was allowed to attain its maximum speed and was found 
to gain a full train length in the distance of 1 mile. 

General Suitability for the Service.—In many respects the 
electric motor is better adapted for railway service than the steam 
engine. The motions of the moving parts are simpler and all 
moving parts can be readily balanced. The weight and volume 
per horsepower output are much lower. 

In cold weather the drawbar pull necessary to haul a given 
train at a given speed is greater than in warm weather. Cold 
weather decreases the drawbar pull of the steam locomotive 
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because of the increased heat radiation from the boiler and engines, 
while the drawbar pull of the electric locomotive, for a given 
temperature of the motor windings, is increased. 

The coefficient of adhesion is higher with electric than it is with 
steam locomotives, because the torque of the electric motors is 
uniform and there are no unbalanced forces tending to lift the 
locomotive from the track. 

Steam locomotives must carry their own supplies of fuel and 
water and these supplies must be renewed at frequent intervals. 
Stops for this purpose lower the schedule speeds and tend to 
congest traffic. 

Experience gained in the practical operation of existing elec- 
tric locomotives indicates that they require inspection once in 
from 1,200 to 2,500 miles of operation. To keep steam loco- 
motives in equally good condition, they must be inspected and 
cleaned at the end of each run. 

Service does not decrease the efficiency of an electric loco- 
motive, while, on account of the fouling of heating surfaces, the 
efficiency of the steam locomotive may be seriously impaired. 

On the other hand, electric locomotives are still in the develop- 
ment stage, while steam locomotives are quite well standardized. 
The steam locomotive is an independent unit. Its operation is in 
no wise affected by the proximity of other locomotives, nor does 
it depend on an outside source for its supply of energy. 

Long-continued overloads injure electrical equipment and do 
not seriously affect the life of steam equipment. Electric loco- 
motives designed for operation in connection with one electric 
system cannot usually be operated in connection with a different 
system. Steam locomotives have, therefore, a much higher 
degree of interchangeability. 

Electrification Increases Real Estate Values.—One of the most 
important by-products of electrification is the great increase in 
the value of the real estate which is covered by the terminal 
tracks in large cities. Office buildings may be constructed over 
the tracks, as has been done at New York City. The salvage 
value of such land is very great. Real estate adjoining the 
right-of-way also increases in value on account of the elimination 
of the smoke and the partial abatement of the noise nuisance. 

Cost of Electrification and Operation—Granted that the 
service can be improved and the capacity of a road increased with 
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electric traction as pointed out above, an answer to the second 
question must be found, 7.e., “what will it cost to change and to 
operate and maintain the new system when installed?” 

The first cost of the change will vary greatly with local conditions 
and in any case would probably be prohibitive if undertaken for a 
complete trunk-line system at once. Experimentation, if neces- 
sary at all, should be carried out upon some of the less impor- 
tant branches and the electrical rolling stock secured a portion at a 
time. It has even been suggested that, as the purchase of new 
steam locomotives to replace those worn out or considered obso- 
lete is usually treated by steam roads as an operation charge 
and not a charge against capital, the electrical rolling stock, or 
a large portion of it, might be secured in like manner and no great 
capital investment made for this portion of the new system. 

As has been pointed out in a preceding chapter, there is a 
growing tendency on the part of railway companies to purchase 
from commercial power companies the electrical energy required 
for the operation of their trains—particularly in the West where 
water power is plentiful and coal is costly. By so doing, the 
first cost of electrification is greatly reduced; the annual costs for 
energy are usually less and the fact that the energy supply is 
often received from a transmission network insures better con- 
tinuity of service. 

The A. I. E. E. was particularly fortunate at its 1911 annual 
convention to have presented by the Pennsylvania R. R., through 
B. F. Wood, a very detailed statement of the first cost and 
operating expenses of the electrification of the West Jersey and 
Seashore R. R. While the figures for a larger trunk line operat- 
ing locomotives in place of motor-car trains would vary somewhat 
from those applying to this road as illustrated in the discussion 
which follows, the costs of this particular electrification, which 
were the first to be made public in complete detail, are well worthy 
of careful study. With present price levels, the costs would 
be about twice those given in the accompanying tables. 

Tables XLV and XLVI give total and unit costs of electri- 
fication, while operating expenses are well analyzed in Tables 
XLYII to LI, inclusive. The costs apply to a total of 150 miles 
of single track upon which 47- to 52-ton cars are operated in 
trains with two 200-hp. motors per car controlled with the multi- 
ple-unit equipment. The power station is of 8,000-kw. capacity 
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supplying power to eight substations ranging from 1,000 to 2,500 
kw. each. The distribution voltage on the thirdevail system is 
675 volts direct current. 


Taste XLV.—CostT or ELECTRIFICATION! 


Power stations: 
Building, stacks, coal- and ash-handling raachinery $354, 000 


Higuipmentenis. deste cree aula lant aaa ieee 640, 900 
POCA Lacs cictetics wits yols ix 0 au RroNS,© <,Sencear Aiea aes eee $ 994,900 
TRANSMISSION ING ss sere eas eet elec te ene eee neces ie 241,500 
Substations: 
Bibldingsss fesse ss 2 oes seer eee $ 72,000 
Rigtipmient-.tse.ccsade om clas tents olen eee renee 419, 560 
Ro Galler eesarn Ss sdhectaah wit Sea ORAS Cn EES 491,560 
TPIT eral ant ue oie ake thse te mae enc eI 557 , 636 
Overhead: trolley.G . iarae oe eee et enn eres 80, 500 
‘Track. bonding tc... o roto eee aaeloe e o eee 102 , 659 
Oy ce aah Oe Meee Ree ae eRe em ee Rin tne ery ee 1,135,900 
Car repair and inspection sheds>.........-........ 46 , 674 
Right-ol-way, additional’... + ase aoe eee 592,100 
Reconstructing tracks ..4.0'= oe Gee ome tiers 763 , 800 
Constructing newstracks.4/.....c.9s00-sess4+c. <6 2,071,000 
Terminal facilities and changes at stations......... 252,400 
Signals and interlocking plants. . 561,900 
Changing telegraph and adding eles une 105, 100 
Fencing right-of-way, cattle guards, etc............ 88,400 
Miscellaneous items,........... Bg su en eera em 44 200 
Total detec bo NG. < iets ae Uae et nee $8 , 130, 229 


TasLeE XLVI.—Unit Costs or ELEcTRIFICATION! 


Power station, cost per kilowatt............... $i 124736 
Transmission line, cost per mile................ 3,485.00 
Substations, building and equipment cost per 

Fellow Gt s:ci6h v1 5 feynte Gatien creer ea 28.90 
Thitd.rail, cost, per muler ats... ee ee 4,235.00 
Overhead trolley, cost per mile................ 4,120.00 
Track bonding, cost per mile.................. 684.50 
Cars, including electrical equipment, each...... 12,214.00 


1 Woop, B. F., “Electrical Operation of the West Jersey & Seashore 
ROR. Drans. A. I; B. E., vol. 30: 
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Taste XLVII.—Power Sration OPERATION AND MaInrTENANCE Cost! 
re 


Year 1910 
Items 
Cent per 
Total kw.-hr. 
POUOnEOOMInae cee ch hem ah OR ue. ok $14,742.36 0.052 
SURES De oe een cee RO IS eS ae ea 10,010.81 0.035 
Labor LDU CISA le & cult eo eae a es ee Se 1,661.02 0.006 
Supervision janitors and watchmen........... 2,756.23 0.010 
ce Total operating labor... ....60..065 cb seca as $29,170.42 0 103 
} 
¢ OT Dis se A CA er Brel, ae ae aR ee 102,715.31 0.363 
S WW cLGrnre cent cicre sereem eo ciehe. > ec poten ek wk 500.00 0.002 
2) Es ELGREI NS Oe =e ee coe «6 SE Sa ae enh 
Material; Miscellaneous material................... 2,238.44 0.007 
Miscellaneous charges.................--- 1,700.49 0.006 
Total operating material................ $107,154.24 0.378 
Mota eperatrons oc esac ehh Oe oe $136,324.66 0.481 
TERT Cs Coot a ANN Se ee es Cen eae tahoe ae 326.29 0.001 
BOOT COOH: da oe lols ale aio. sak nA ola nce gle ars as 1,550.44 0.005 
BLUIT LTO teehee aloes love crn = sutee era ele © ios lecLiatsva we wnt 836.11 0.003 
VEXTIARY ADPAUALUBS ai) Susie ltino Goer cucn eso tsie 844.17 0.003 
A boE i ENcovrmGale? seen, deere occinuele Oe Sis Geek's Hiei sia 195.30 0.001 
EID aU Gate hse aire sie ici as ous Minha ae swe 691.94 0.002 
WihscellnWeous-m sn sce set seis face sme sls She 187.30 0.001 
3 Total maintenance Jabor................. $4,631.55 0.016 
3 
8 4 TG tet sake se ae ee ee a ae $146.63 | 0.001 
3 Boilerroom erento he scar cca aor. 3 2,493.23 0.009 
= MERIC DING as Pees Se seo oe Re kee lets bere 1,597.52 0.006 
Auxiliary apparatus... nic. 6. ves c es See 2,066.13 0.007 
TUE URI Rae OOTTCAL sme aide Cie mole wovetiiiacinayers eto nfe ins calle = 3,046.44 0.011 
TES 0} NG fea Ses SE See riopn (ed Leo ae One ere ao 383.97 0.001 
WTC el TIVCOUS: oy sic oiavarsie ais cline erence) oye ieee cue 599.06 0.002 
Total maintenance material.............. 10,332.98 0.087 
Total maintenance. .....---5-++e0ses 14,964.53 0.053 
a rc EY SOS sr wor yeacrrecs OIL) CR ONACECHER ACERT RCRA a RR 33,801.97 0.119 
GER VP CELE eis iain, sic oo poe ese) Piao loa tarls) bral @ wleve Giles 117,487.22 0.415 
> | Total labor and material station proper............+-. 151,289.19 0.534 
q Other items charged to station accounts.............. 2,160.60 0.008 
Bmlehataleereret ce cre averetstaie ty ela laoale chee sie cote sia-0 153,449.79 0.542 
SUE Resch fice lay ak cee ee aa 28,312,500 
Pounds coal per kw.-hr..........2seceeeseceecereees 8.246 
(Cost. ofzcoall per’ 2000 Wiese. cies atv cic oes ieins au weinielee $2.235 


ee eee eee 
1Woop, B. F., “Electrical Operation of the West Jersey & Seashore R. 


R.,” Trans. A. 1. E. E., vol. 30. 
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TapteE XLVIIL—Averace Cost or TRAIN OPERATION PER CAR-MILE! 


: g a eI to | 

TERRELL 3 : 

fo) Fg or ~ ry a a, 

® 7) aS s De my 

igi we ao | 8 a 3 9 | 2 £ e 
vou] 51 9 |S] 8 | a] ele & 8 

Sa) & tae|® |— | ose es B| 8 § 

=e) = 8.2] 0 ° iS] | ee o 4 om 2 

Be | 4 SE SE reo Secgcath as a hy e 8 Fs 

Aol ea: Wo srewlins eal rare | Cie a eee a la 8 | Fae 

A, 2 a | ao) 8s | se 5 Fife al lata $ q ‘a by oo 

os oO ~ ere ee) & HO 3° ~ 5 CI Eee} 

az eel Sl aie a | & |e Erol! Ov} Le) < 
1909 0.68 |1.10 |0.25 |4.30 |0.33 |0.88/1.44 |0.69 | 9.67 nena 4,107,609 |3.457 
1910 0.66 |1.01 |0.27 |3.33 10.43 |0.91/1.52 |0.67 | 8.80]/9.39/18.19)|/4,552,532 |3.518 
1912 10.96 {1.07 0.22 |5.10 |0.43 |0.90/1.61 |0.79 |10.08/|9.95'20.03)|4,647,236 |3.598 


1 Woop, B. F., “Electrical Operation of the West Jersey & Seashore R.R.,” 
Trans. A. I. E. E., vol. 30 and Gen. Elec. Rev., November, 1913. 


Taste XLIX.—Costr or TRANSMISSION SystTEM MAINTENANCE! 
(Total and average per mile per month) 


Running track 


High tension Overhead trolley Third rail | bonding: 
Year 
Per Per Per Per 
Total ails Total while Total | ae | Total raile 


$10,864.13 |$6.46 


1910 |$3,444.57 |$4.10 |$4,895.16 


$36.70 $2,445.72 |$1.36 


9.91 


5,060.67 +. 7.30 | 6,161.03 64.01) 14,045.73 3,228.84 179 


1[bid. 


Tasite L.—Cost or SussTaTioN OPERATION AND MAINTENANCE 


Total for eight substations 


Year 


Maintenance 


Operwtian Total | Cost per | Substation output kw. hr., 


kw. hr. 675 volts direct current 


$24,459 .61)/$0.001082 
0.000967 


21,972,300 
24,481,100 


1910 |$20,852.31)$3,607 .30 
20,953.92] 2,729.55 | 23,683.47 


Kahler has estimated the cost of a single-phase electrification 
of 467 miles of steam railroad located in the mountainous regions 
of the West and handling a traffic of 2,814,407,580 ton-miles 


annually, as follows:! 


1 Kanter, C. P., “Trunk Line Electrification,” Trans. A. I. E. E., vol. 32, 
p. 1209. 
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Item 
High-tension lines (steel tower), 450 miles........ $2,250, 000 
Trolley and feeder wire: 
3/0 grooved copper trolley, 468 miles at $650.. $ 304, 200 


Steel trolley wire, 156 miles at $320........... 49,920 
2/0 feeder wire, 468 miles at $550............. 234 , 000 
588 , 120 
Overhead construction: 
Bracket-arm construction, 420 miles at $1,650.. $ 693,000 
Span construction, 92 miles at $2,600.......... 239, 200 
Steelsbudresmdimiless 0... soe ed ok sen ea as 36 , 000 
DCCMONEDTEAKS Wee Ae ci. Sees ce eee 6,600 
Additional for curved track, 100 miles at $300. . 30, 000 
1,004,800 
Track bonding, 624 miles at $450............... 280,800 
Substations: 
14 substations, 56,000 kv.-a.................. $ 616,000 
3 portable substations, 6,000 kv.-a. (complete) 96 ,000 
712,000 
Rolling stock: 
14 motor cars at $18,000. . ‘ Seep oo OU0 
10 passenger locomotives at $45, 000... oe 450,000 
43 freight locomotives at $50,000............. 2, 150.000 
11 switching locomotives at $35,000........... 385 ,000 
3,237,000 
Changing block signals and telegraph, 468 miles. . 561,600 
Engineering and supervision, 5 per cent.......... 431,716 
Contingencies, etc., 10 pericent............2+... 905 , 964 
epee c os cod Sac Sane aoe rae $9,972,000 
Credit for steam equipment: 
TA OM GCOMMOGIVES teeta ilc 5.5.0 coe ollud. a aueslsrecel Gieeretecd $2 , 520,000 
SN. GOGIINGERUS: = OE WO EO EO re ee 241,000 
eee ASSO MM CINC AUS Webels.4 Gusts <uoiciel = else slereyre over aile oie 112,000 
Give credit for 70 per cent of new value......... $2,873,000 2,012,000 
TRE, CSRS IE a Cae bie Cente ta Rerne enet cot $7, 960, 000 
17,200 


Cost perme Of tracks. |... 2.10 2% 2 sie eun si euieie ee 


The data presented by J. B. Cox in ‘The Electrical Operation 
of the Butte, Anaconda & Pacific Ry.,” Proceedings of the 
ARIES Es PN aeouiber. 1914, are of interest from an operating 
standpoint. The Butte, Anaconda & Pacific Ry. is an ore road 
and has a route mileage of 25.7 miles and track mileage of 90.5 
miles. The traffic, which is very heavy, was formerly handled 
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by 27 steam locomotives. It is now handled by 17 80-ton, 
2,400-volt, direct-current electric locomotives! and five steam 
locomotives. The electric locomotives operate about 80 per cent 
of the total annual locomotive mileage. The electrical energy 
required is purchased of a hydroelectric power company which 
operates a high-tension transmission network in the vicinity of 
the railway. Coal for the steam locomotives costs $4.25 per ton 
delivered at the railway-company bins. The total cost of electri- 
fication was $1,201,000. No reduction was made for the salvage 
of the 22 steam locomotives which were displaced. In the follow- 
ing table the operating expenses for 1914 include the expenses of 
the five steam locomotives which are still in service on tracks 
not yet electrified. Presumably still greater economy will be 
effected when the electrification is complete, the operating forces 
better trained, and the equipment a little farther removed from 
the experimental stage. _ 


Tasite LI.—Oprrating Expenses or Butte, ANACONDA & Pactric Ry. 


Item of operating expense Sea. | ae ayeg Decrease | Ter ane: 
Fuel and power........... 315,235.74 | 164,508.70 | 150,727.04 | 47.81 
REDaAIns trae ch mur aaeer re 124,787.90 | 92,278.08 | 32,509.82 | 26.05 
Enginemen’s wages........ 104,461.18 | 71,225.28 | 33,235.30 | 31.81 
Engine house expenses..... 29,907.80 | 18,638.38 | 11,269.42 | 37.68 
WiSterere Faate. 2 hacen ce tee 4,953 .66 1,193.70 3,759.96 | 75.90 
UUIDLIGAM GEE yer tee 9,751.44 4,942 .32 4,809.12 | 49.30 
Other supplies..5.. 0-2 ee 5,823 .52 4,552.36 1,271.16 |) 21.83 
Total locomotive perform- 

Ena ies tarred ing an cihig ay iis 594,921.24 | 357,339.42 | 237,581.82 | 39.93 
Trainmen’s wages......... 147,632.30 | 116,486.00 | 31,146.30 | 21.10 

(Guihiteh VOW 66 Ano me 02 742,553.54 | 473,825.42 | 268,728.12 | 36.19 

Ton miles hauled.......... 158,917,720 |172,855,856 | 13,938,136!| 8.771 
a 


1 Increase. 


After subtracting from $268,728.12 a sum necessary to cover 
depreciation charges and distribution-system maintenance 
expenses, the total net saving with electric operation was $242,- 
299.12, or 20.2 per cent on the cost of electrification. This net 

1 See chapter on Electric Locomotives. 
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saving was made in spite of the fact that 8.77 per cent more ton- 
miles were hauled in 1914 than in 1913. 

Of the more recent electrifications the data published relative 
to the Chicago Milwaukee & St. Paul Ry. are the most complete. 
The profile and substation locations for the Rocky Mountain 
electrification of this road are shown in Fig. 246, while Fig. 247 
shows the graphic time table and load curve of the Rocky Moun- 
tain division.! 


Tasie LII.—Cosr Data, Cutcaco, Minwauxee & Sr. Paun Ry. 


Per cent item 
Toa Average cost | Various aver- | cost to total, 
per route mile | age unit costs excluding 
locomotives 
Trolley system complete........... Gr Be OOn Werdcbae mwah «ane 47.7 
Transmission system complete....- bist i) mall eae eee 13%3 
Per mile of transmission line.......|........... $2,835. vite. hese 
Substations. qoscseeue 2 st ose GrOSO OG lien hee sees 34.4 
Per Station oy ccctvee sete ors on els |yeuse toes | Perea 189,400. | o)):.3 -wescveereets 
Rex Iilowatt:.ean Sons nie c's aise eel enero ere AD: slcsve cee 
Miscellaneous: right-of-way—mi- 
mor biuiiding., tes wen maeeaee ree DOT Ne rsrane foe eee sie ite 
Engineering and administrations. . . Byler aes ie, ace a ole 2°9 
obabe ac akeciteae, Sanaa haat. LCs DC DM etcase avers eres 100.00 
Locomotives 
Road) Engine for, . eae Y ncee ak eee eae ae 1225500) Wee one 
Switch engine sic. hie eae - ccreelgee a enero 30, 100 OCI. Serene 


Certain cost data for this road are shown in Table XLIII.? 
In a recent official statement* published by the railroad the total 
cost of the electrification of the 440 miles over the Rocky Moun- 
tains is given as $11,661,773, the value of the displaced steam 
equipment being $3,535,265. The electrical costs are as of the 
time of electrification, 1914, 1915, and 1916. The great increase 
in first cost occasioned by the World War is indicated by the fact 
that the 208-mile Cascade Mountain electrification of this com- 
pany cost $11,328,481 in 1917, 1918, and 1919. Here the value 
of the displaced steam equipment as of the same date was $3,829, - 
250. From these figures it appears that the first costs increased 

1 Benuwkes, A. I. E. E. Jour., September, 1920. 


2 Report to the N. E. L. A. Convention, May 21; 1920. 
3 Hlec. Ry. Jour., Feb. 28, 1925. 
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100 per cent and that the cost of electrification is about three 
times the value of the displaced steam equipment. 

An extended study of operating expense and fixed charges, 
in which all expenses were considered as of the price levels of 
1923, shows that the saving in operation due to electrification of 
the Rocky Mountain divisions during the period 1916 to 1924, 
inclusive, amounts to $11,868,247, while the saving in the Cas- 
cade Mountain division for the period 1920 to 1924 amounts to 
$531,760. The total saving in both sections amounts to $12,400,- 
007, or one-half of the total cost of electrification. With increase 
in traffic volume the savings will be still larger. 

In the matter of fuel consumption it is interesting to note that 
during the last three months of 1915 with steam operation the 
coal consumption was 276 lb. per 1,000 ton-miles, while during 
the last three months of 1916 with electric operation the energy 
consumption was 39.4 kw.-hr. per 1,000 ton-miles. Thus the 
coal consumption on a kilowatt-hour basis is 7 lb. per kilowatt- 
hour. ‘The electrical energy came from hydroelectric plants, but 
if it had come from steam plants it is quite probable that the coal 
per kilowatt-hour would have been considerably less than one- 
half of seven. The energy measurement from which the 39.4 
kw.-hr. was computed was made at the meters of the power com- 
pany which furnishes the energy and not at the locomotive. 
Records for several years show that the ratio between the watt- 
hours registered on the locomotive meters and those registered 
on the power company’s meters is about 0.67. The difference 
between the aggregates of the two sets of readings consists of all 
the losses of transmission, conversion, and distribution less 
the regenerated energy. 

A study of these and other data lead to the general conclusion 
that the fuel consumption with electric operation is only about 
one-half of that with steam operation. It is true that the steam 
locomotive is being constantly improved in thermal efficiency, 
but central-station plants are improving still more. Recently 
a large steam plant operating under test conditions produced 1 
kw.-hr. per 11,600 B.t.u. This corresponds to a thermal efficiency 
of 34 per cent. Modern steam locomotives under test conditions 
have attained a thermal efficiency of about 9 per cent. Thus, 
if a 50 per cent loss between the coal pile and the drawbar 
of an electric locomotive be allowed, the ultimate thermal 
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efficiency of the electric power is 17 against 9 per cent for the 
steam power. 

On account of the high first cost of electrification and, therefore, 
the high fixed charges, it is evident that it would not pay to elec- 
trify a road over which the traffic is light. Only a very care- 
ful study of each particular case will enable an engineer to decide 
whether electrification will justify itself or not. With steam 
motive power, the first cost and fixed charges are low, while 
with the electric motive power the possibility of low operating 
expenses and the increase of gross earnings is presented. 

In conclusion, it may be said that the greatest objection to 
electrification is the high first cost, and its most important 
advantages are safety, increased capacity of track, and economy. 
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Acceleration, rates of, 66 

Adhesion, coefficient of, 94 

Adhesive weight, locomotive, 93 
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bodies, 290 
city, 304 
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trucks, 292 
ventilation, 298 
weight of, 54 
wheels, 294 
wiring, 301 
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voltage regulation, 199 
Control, alternating current, 371, 
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bridge transition, 360 
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combined a. c. and d. ¢., 372 
electro-magnetic, 365 
electro-pneumatic, 367 
high voltage d. c., 370 
main circuit, 356 
master, 362 
multiple unit, 365 
PK system, 370 
regenerative braking, 374 
rheostatic, 356 
selection, 374 
series parallel, 357 
three-phase, 373 
types, 354 
unit switch, 367 
wiring, a. c., d.c., Fig. 190 
multiple unit, 365 
series parallel, simplified, 358 
unit switch, multiple unit, 
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maintenance and operation, 
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operation and maintenance, 
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transmission system mainte- 
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100 
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kilowatt time, 74 
power time, 73, 76, 81 
resistance due to, 63 
service capacity, 467 
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Damages, claims for, 207 
Dispatcher’s control signal, 249 
Dispatching, telephone, 242 
Distance time curves, 64, 71, 76, 80, 
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485 


Distribution, city systems, division 
of current between sub- 
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financial considerations, 121 
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Electric locomotives, 413 
Electric traction on trunk lines, 457 
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Electrical energy, sources of, 184 
Electrification costs, 472 
systems, 439 
Electrifications, modern prominent, 
452 
Electrolysis, 223, 232 
Elevated and subway cars, 311, 312 
Energy calculations, 75, 88, 89, 94 
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during braking period, 89 
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electrical, sources of, 184 
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transportation, 27 

Frequency effect of change on 
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Gas electric car, 313 
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ruling, 62 
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Kilowatt time curves, 74 
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accelerating, 468 
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N..Y., N. H. & H., 419, 420 
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ratings, 415 
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split-phase, 425 
tonnage rating, 95, 466 
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transmissions, 429 
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Meters and metering, 202 
Motor equipment, 330 
Motor generator, starting, 140 
versus synchronous converter, 
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Motors, adaptation of d. c. series to 
a. c., 333 
characteristics, d. c., 41, 48, 44 
45, 46, 47, 339 
characteristics of single-phase, 
338, 339, 340 
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design, 343 
direct current, 330 
field control, 331 
frequency, effect of change on, 
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d. c., 340 
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rating, 345 
repulsion, 340 
selection, 346, 348, 350, 351 
single-phase, 333, 337 
temperature rise, 346 
tests, 49, 50, 51, 348 
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Pavement, 285 
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growth of, 16 
Power, cost of, 191 
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Power station, 184 
cost, 472 
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maintenance and operation cost, 
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Rail joints, 219, 280 
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welded, 219 
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joints, 280 
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Rates, 191 
Rating of motors, 345 
Reactance of transmission line, 176 
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390, 449 
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Repulsion motor, 340 
Resistance, air, 56 
due to curves, 63 
formula for train, 58 
third rail and track, 117 
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transmission line, 176 
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Right-of-way, 267 

Roadbed construction, 383 

Rolling stock (see cars), 289 
d. c. versus a. c., 449 

Ruling grade, 62 


Schedules, train, 35 
Selection of motors, 346, 348, 350, 
351 
Signal and dispatching systems, 
241 
alternating current, 258 
aspects, 246 
block, 243 
cab, 263 
controlled manual block, 248 
dispatcher’s control, 249 
for a. c. roads, 258 
highway crossing, 264 
interlocking, 249 
intermittent control, 251 
manual controlled block, 248 
single track, 260 
staff system, 241 
steam railroad, 254 
systems, 242 
track circuit, 256 
U.S. signal, 251 
Single-phase motors, 333, 337 
Speed time curves, 64 
straight line, 85 
Split-phase system, 425, 440 
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Statistics, 15 
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automatic train, 266 
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automatic, 163, 167 
cost, 132, 167, 168, 169 
demand, 107 
design, 134 
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Substation, diversity factor, 113 
division of current between, 118 
high voltage, direct current, 161 
lightning protection, 153 
load curve, 106, 107, 109, 110 
load factor, 111 
location, 130, 195, 197 
operating costs, 132 
operation and maintenance cost, 
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outdoor, 166 
portable, 159 
single-phase, 165 
station or plant factor, 112 
switchboard, 148 
typical elevation, 151, 152 
wiring, 153 
Switchboard, substation, 148 
Synchronous converter, comparative 
ratings, 137, 140 
compounding, 137 
efficiency, 136 
starting, 140 
versus motor generator, 147 
voltage ratio, 137 
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motor, prony brake, 49 
pumping, back, 50 
used as generator, 51 
rail bonds, 220 
Thermit rail joints, 219 
Third rail, construction, 125 
distribution, 125 
resistance of, with track, 117 
shoe, 301 
Ties, 272 
Track ballast, 272 
car house, 403 
construction, 283 
curves, measurement of, 62 
estimates, 269, 287, 288 
pavement, 285 
rails, 274 
special work, 286 
third rail and, resistance of, 
117 
ties, 272 
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alternating versus direct cur- 
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fuel saving, 476, 480 
history, 3 
locomotives, 413 
operating cost of a. c. and 
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standardization, 448 
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rain operation cost, 474 
transmission system, mainte- 
nance, 474 
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Traffic, abnormally heavy, 188 
busses, motor, 317, 321, 328 
growth of, 315 
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petition to, 21 
statistics, 15 
Train operating costs, 474 
Train schedules, 35 
Train stops, automatic, 266 
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connections, 138, 140, 141, 142, 
143 
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Transmission line, 170, 198 
capacity, 180 
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electrical calculations, 174 
maintenance, 474 
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regulation, 177 
resistance, 176 
vector diagram, 178, 182 
voltage determination, 176 
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Trucks, 292, 294, 296, 434 
Trunk lines, electric traction upon, 
457 


Wiring, multiple unit, 365 
series parallel, simplified, 358 
substation, 153 
diagram, 154, 162 
Welded rail joints, 219 unit switch, multiple unit, Fig. 
Wiring, a. c., d. c. control, Fig. 190 188 
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